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ABSTRACT 

Legionella pneumophila is an aquatic bacterium that has emerged as an accidental human 

pathogen. Within the aquatic environment, L. pneumophila has evolved virulence factors 

to survive predation by environmental amoebae. These virulence factors are hypothesised 

to allow the adaptation of the bacteria to replicate in human alveolar macrophages. During 

infection, L. pneumophila forms a replicative vacuole termed the Legionella-containing 

vacuole (LCV) that sustains the bacterial intracellular replication. Establishment of the 

LCV requires the Dot/Icm type IV secretion system (T4SS), that secretes over 330 

bacterial proteins termed effectors into the infected host cell in order to manipulate host 

processes and facilitate bacterial replication. Despite their central role in LCV biogenesis, 

to date most effector proteins remain uncharacterised. Therefore, to aid in the 

characterisation of Dot/Icm effector proteins, in this study, we generated large genomic 

region mutants. To date, we have created nine genomic deletion mutants (ΔA-ΔI), as well 

as two multiple-region deletion mutants (ΔFGHI and ΔDFGHI) in L. pneumophila, 

resulting in the deletion of 68 effector genes and 138 non-effector genes. 

These mutants were then used to identify the genomic regions important for bacterial 

replication in vitro and in vivo. Despite the loss of up to 42 effector-encoding genes, all 

mutants can replicate efficiently in THP1 macrophages. Meanwhile, in the protozoan 

host, at least six mutants showed a severe replication defect. Interestingly, in the mouse 

model, four mutants displayed an unexpected increase in bacterial burden, while one 

mutant showed a reduction in bacterial replication. Surprisingly, two of the mutants 

showing an increase in bacterial load in the mouse model were unable to replicate 

in Acanthamoeba castellanii. Together, these highlight the difference in requirements to 

survive in different hosts. This also suggests that the large effector repertoire of the 

Dot/Icm T4SS effectors likely evolved to enable an intracellular lifestyle in a diverse 

range of hosts. 

Finally, the mutants were also used to identify a Dot/Icm effector protein that degraded 

host GAPDH mRNA. RNA sequencing of infected cells revealed that L. pneumophila 

downregulated multiple host glycolytic mRNAs which depended on a particular Dot/Icm 
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effector. Taken together, this project has used mutants carrying large genomic deletions 

to identify genetic regions important for bacterial replication, as well as those 

manipulating host immune defence. 
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Chapter 1  

Literature Review 

 

1.1 Historical background 

During the summer of 1976, at the American Legion Convention, an outbreak of severe 

pneumonia occurred. This disease, termed Legionnaires’ disease, affected 182 people, of 

which 147 people required hospitalization, and 29 people eventually succumbed to the 

disease (1). A novel Gram-negative bacterium was ultimately isolated in guinea pigs 

inoculated with patient samples, and subsequently 101 out of 111 tested patients were 

positive for serum antibody to this bacterium (2). Due to the unique DNA sequence and 

biochemical characteristics of this novel bacterium, a new family Legionellaceae and a 

new genus Legionella were described. In addition, the Legionnaires’ disease bacterium 

was then named Legionella pneumophila (3). 

Following the discovery of L. pneumophila, previous unexplained outbreaks of 

respiratory disease and sporadic pneumonia cases were retrospectively investigated. In 

1965, an outbreak of 81 cases of respiratory illness occurred in Columbia, in which 2 

patients died. Examination of stored patient serum revealed the presence of anti-

L. pneumophila antibody in 21 out of 23 tested samples (2). Additionally, in 1968, 144 

people contracted a mysterious respiratory illness in Pontiac, Ohio, characterized with 

febrile fever and ‘flu’-like symptoms. 31 out of 37 patient samples tested also confirmed 

the presence of anti-L. pneumophila antibody (2, 4). Inoculation of guinea pigs with 

L. pneumophila subsequently confirmed the role of this bacterium in the Pontiac outbreak 

(5).  

1.2 Legionella spp 

Legionella spp are classified into the class gamma-proteobacteria (3). Legionella spp 

comprise Gram-negative rod-shaped bacteria sized between 2-3 μm in length, although a 

long filamentous form of approximately 50 μm may occasionally be found. The width of 
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the bacilli ranges between 0.3-0.4 μm (2, 6). L. pneumophila also possesses a single polar 

flagellum, as well as pili, to aid in the bacterial motility and adherence to surfaces (6-9).  

Four decades after the discovery of L. pneumophila, new Legionella species are being 

continuously described. Currently, with the recent discovery of Legionella qingyii, there 

are 65 species and 80 serogroups of Legionella (10-12). However, not all species have 

been demonstrated to infect humans. In Europe, L. pneumophila causes over 90% of 

Legionella infections, whereas in USA, 60% of Legionella infections were caused by this 

species. Further, L. pneumophila serogroups 1 and 6 are responsible for more than 60% 

of Legionella infections (13-16).  Uniquely, in Australia and New Zealand, 30-50% of 

Legionella cases are caused by Legionella longbeacheae (17, 18).  

The high prevalence of L. pneumophila in clinical samples may partly be caused by the 

high abundance of L. pneumophila in the environment compared to other Legionella 

species. In Europe, non-pneumophila species only made up less than 20% of total 

Legionella isolated from various environmental sources (19-22). Furthermore, in the 

USA, L. pneumophila makes up approximately 53% of environmental Legionella species 

(23). However, despite comprising of only 28% of total environmental Legionella, 

L. pneumophila serogroup 1 was responsible for 95% of clinical cases in France (19), 

suggesting that the virulence of this serogroup also contributes to its increased clinical 

prevalence.    

1.3 Legionellosis 

1.3.1 Clinical manifestations 

Legionellosis is the umbrella term for diseases caused by Legionella spp. This disease 

may present as a severe atypical pneumonia termed Legionnaires’ disease or a less severe 

disease called Pontiac fever (24). Additionally, in rare occasions, Legionella spp also 

cause septic arthritis, endocarditis, and other soft tissue inflammation (25-29). After 

exposure to Legionella spp, the incubation period ranges from 2-14 days, and possibly 
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longer in immunocompromised people. The clinical manifestation of Legionnaires’ 

pneumonia may resemble other bacterial pneumonia. There is no specific defining 

symptom of Legionnaires’ disease, as symptoms range from fever, coughing, shortness 

of breath, myalgia, headache, confusion, diarrhea, and loss of appetite (24, 30). While 

these symptoms are similar to other nosocomial pneumonia diseases, Legionnaires’ 

disease typically presents more gastrointestinal and neurological symptoms (31). On the 

other hand, the milder form of legionellosis, Pontiac fever, is characterised with milder 

symptoms, such as fever, chills, headache, and myalgia (4, 5). Currently it is unclear why 

legionellosis can manifest in two different diseases. However, it is hypothesized that the 

inoculation dose, Legionella species, and the host immune conditions may contribute to 

this distinction. 

1.3.2 Epidemiology and risk factors 

Legionellosis is currently included in the national disease surveillance system of multiple 

countries, including Australia, USA, Canada, New Zealand, Japan, as well as members 

of the European Union. The worldwide incidence of legionellosis is approximately 4-25 

cases per one million population (13, 17, 18, 32). However, legionellosis is considered 

underdiagnosed, partly due to the lack of specific symptoms and the tendency to treat 

pneumonia cases empirically without testing for Legionella (14, 24, 31, 33). Noteworthy, 

over 60% of community-acquired pneumonia patients were not tested for any bacterial 

pathogen that caused atypical pneumonia (34). Furthermore, perhaps due to the lack of 

diagnosis and case definition, surveillance of legionellosis is neglected in other countries, 

therefore the worldwide incidence is currently uncertain (24).  

The incidence of legionellosis peaks in the late summer to autumn months, possibly due 

to the higher relative humidity and warmer temperature (13, 18, 24). Indeed, higher 

humidity increased L. pneumophila survival in aerosols (35-37). In addition, warmer 

weather improved L. pneumophila survival in the aquatic environment (38). Interestingly, 

in Australia, in addition to the autumn (April-May) peak, an extra peak in spring 

(October) associated with L. longbeacheae infections was also observed, perhaps due to 

the correlation of spring and increased contact with contaminated gardening soil as, unlike 
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other Legionella spp, L. longbeacheae naturally resides in soil (18). Over 60% of 

legionellosis cases affected males, and 75-91% of legionellosis cases occur in people 

older than 50 years of age (13, 18, 24). In addition to age, risk factors for legionellosis 

include both current and history of smoking, diabetes, chronic obstructive pulmonary 

disease (COPD), chronic organ disease, heart failure, current immunosuppressant 

therapy, and alcohol abuse (11, 14, 39).   

Legionellosis is associated with a substantial economic and health burden. The median 

cost for each hospitalized legionellosis patient in the USA is $26,000-$38,000 (40). The 

hospitalization rate for Legionnaires’ disease is 95%, and approximately 44% patients in 

the USA develop a more severe disease, requiring intensive care (14). Furthermore, 

Legionnaires’ disease is considered one of the top five infectious diseases with high 

population and individual disease burden (41). Worldwide, the mortality rate of 

Legionnaires’ disease ranges from 4-22% (13, 14, 18, 20, 32). Together, these 

demonstrate that legionellosis is a significant burden to public health.  

1.4 Ecology of Legionella spp 

Legionella spp are naturally found in various aquatic environments, such as rivers, lakes, 

and cooling towers of air conditioning systems (19-22). While free-living L. pneumophila 

can survive in tap water for at least one year, there is no evidence of bacterial replication 

in the absence of other microbes (42). Legionella spp are also often found in biofilms 

(43). Biofilms constitute a community of one or more species of microbes that adheres to 

a particular surface. Through microbial secretions, nutrients can be sequestered and 

concentrated within biofilms (44).  

While the microbial composition of Legionella biofilms is currently unclear, it is known 

that L. pneumophila co-exists with free-living amoeba (FLA) in biofilms, such as 

Acanthamoeba spp, Naegleria spp, Vermamoeba spp, and Stenamoeba spp (45-47). In 

laboratory-made biofilms where these FLAs are absent, L. pneumophila is unable to 

replicate, although the bacteria can remain viable for at least one month (48, 49). FLAs 

typically prey on bacteria. Upon predation, L. pneumophila can resist killing and replicate 
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intracellularly within these amoebae (50). Incubation of amoebae with the viable but not 

culturable (VBNC) form of L. pneumophila, which is induced under stressful conditions 

such as nutrient starvation, restored bacterial replication, suggesting that amoebae provide 

nutrients and a replicative niche for environmental L. pneumophila (51-53). Additionally, 

the intracellular replication in amoebae also enhanced the survival of L. pneumophila in 

the presence of biocides, ultraviolet (UV) light, chlorine, and heat (54-57).  

Amoebae may also contribute to the transmission of L. pneumophila. Upon infection with 

L. pneumophila, amoebae releases L. pneumophila-containing vesicles of respirable sizes 

to the environment, suggesting the possibility that these vesicles can enhance bacterial 

transmission (58, 59). These vesicles are estimated to contain up to 1,365 live bacteria, 

and may protect the bacteria from environmental challenges and enhance resistance to 

biocides (58, 60). As such, it is generally thought that amoebae act as a reservoir and 

‘Trojan horse’ of environmental L. pneumophila (61). 

The survival of L. pneumophila in protozoan hosts is also thought to allow 

L. pneumophila to infect humans. Notably, the intracellular replication of L. pneumophila 

in amoebae and human cells are highly similar, as the same virulence factors facilitate the 

bacterial replication in similar fashion (62, 63). In addition, L. pneumophila displays 

enhanced virulence in human cells after passaging through amoebae (64). For example, 

L. pneumophila recovered after infection with Vermamoeba vermiformis (previously 

known as Hartmanella vermiformis (65)) were more infectious and lethal than agar 

medium-grown L. pneumophila during infection of mice (66). Together, these suggest 

that the virulence factors that evolved during the adaptation of L. pneumophila to living 

in the protozoan host contribute to bacterial virulence in human hosts. 

1.5 Genome of Legionella spp 

Legionella spp possess one circular chromosome sized between 2.7-4.9 Mbp, with an 

average G+C content of 34-51% (67-71). Some species or strains of Legionella, such as 

L. dumoffii, L. jamestowniensis, and L. pneumophila strains Paris and Lens, also carry 

plasmids, whereas others, such as L. pneumophila 130b strain, do not (67, 69). 
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Additionally, Legionella may also carry episomal or plasmid-like mobile elements which 

can either be integrated in the chromosome or carried in plasmid (67, 68).  

The genomes of Legionella spp display high diversity and plasticity. Only 6% of 

orthologous genes in the pan-genome of 58 species are present in the core genome (72). 

Furthermore, studies have suggested that the Legionella spp pan-genome remains “open”, 

implying that the pan-genome will grow larger with the increase in sequenced strains or 

species (72, 73). Indeed, compared to the analysis of 38 or 43 Legionella spp genomes, 

analysis of 80 Legionella spp genomes resulted in a larger number of orthologous clusters, 

but a smaller percentage of these genes is conserved amongst these 80 species (72-74). 

Multiple factors may contribute to the genome diversity. Firstly, numerous mobile genetic 

elements, insertion sequences, and transposases are present in the Legionella spp 

genomes (67-69, 72, 75). These elements may facilitate the movement of genetic elements 

throughout the genome, thus creating diversity. Secondly, mutations may also contribute 

to the diversification. For instance, several Legionella species underwent gene 

pseudogenization through nonsense mutation acquisition (74). Thirdly, genetic 

recombination also plays a major role in the diversification of Legionella spp genome 

(73, 75, 76). For instance, genome analysis of 69 outbreak-associated Legionella spp 

isolates in Spain revealed that 16 recombination events were responsible for 98% of single 

nucleotide polymorphisms (SNPs) diversity (76). Uniquely, while a significant level of 

homologous recombination occurred between strains of the same species, there is little 

recombination between different clades of Legionella spp, perhaps suggesting an inter-

clade barrier to DNA exchange (73).  

Foreign DNA may be incorporated into the genome of L. pneumophila through horizontal 

gene transfer (HGT). Multiple studies have reported the presence of genomic regions 

within the Legionella spp genomes with distinct G+C content, suggesting that these 

regions may be acquired from organisms of different species (67-69, 72, 74). Frequent 

HGT also leads to the reduction of the G+C content as genome size increases (77). 

Consistently, analysis of multiple Legionella species showed that the size of the genome 

was inversely correlated with the G+C content, suggesting frequent HGT (72). Finally, 

multiple eukaryotic domains or eukaryotic-like proteins typically not found in the 
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prokaryotic genomes were also found in the genomes of Legionella spp (67, 72, 74). For 

instance, a recent study discovered 184 eukaryotic small GTPases in the pan-genome of 

58 Legionella spp sequences, 149 of which were exclusively found in Legionella spp and 

eukaryotes. Phylogenetic analysis then revealed the acquisition of 16 Legionella spp Rab 

GTPases from protozoa (72). In addition to the small GTPases, genes encoding for 

proteins containing eukaryotic domains, such as F-box, U-box, or ankyrin domains were 

also found in the genome of Legionella spp. These eukaryotic domains may also be 

present in multiple combinations, thus improving the diversity of Legionella spp genome 

(72, 74).  

1.6 L. pneumophila infection strategy 

After entry into the host cells, L. pneumophila forms a specialized vacuole termed 

Legionella-containing vacuole (LCV) where the bacteria can replicate to a high titer 

before exiting the host cells (Figure 1.1). This section details the processes that occur 

during the intracellular lifestyle of L. pneumophila. 

1.6.1. Entry into host cells 

In mammals, the alveolar macrophages are considered the primary replication niche of 

L. pneumophila (78, 79). L. pneumophila enters macrophages via conventional 

phagocytosis (80), although another type of phagocytosis, termed coiling phagocytosis, 

has also been reported (81). This is a unique process in which microbes are internalized 

via unilateral, coiling pseudopods, resulting in the engulfment of the bacteria in 

phagosomes (82). The complement system has also been reported to aid in the entry of 

L. pneumophila (83). The action of complement 3 (C3) leads to opsonization of the 

bacteria, which are then internalized through complement receptors (CRs) (84). 

Antibodies to CR1 and CR3 reduced the uptake of L. pneumophila into monocytes (83). 

While the level of complement components in the lungs are low during naïve conditions, 

exposure to LPS increases the expression of complement in the lungs, including C3, 

perhaps suggesting a role for this process during advanced stages of infection (85, 86).  
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Phosphatidylinositol-3-kinase (PI3K) is known to be important for the closure of 

phagosomes during phagocytosis (87). However, the importance of PI3K in 

L. pneumophila phagocytosis is currently unclear. One study found that pharmacological 

inhibition of PI3K using either LY294002 or wortmannin led to a reduction in the 

phagocytosis of non-opsonized L. pneumophila during infection of J774A.1 murine 

macrophage cell line. Cells deficient in the PI3K p85 (p85-/-) also displayed reduced 

uptake of L. pneumophila (88). However, other studies showed that wortmannin 

inhibition only reduced the phagocytosis of avirulent L. pneumophila, not WT 

L. pneumophila in Dictyostelium discoideum, a commonly used protozoan model host for 

L. pneumophila, as well as in human and murine macrophages regardless of whether the 

bacteria were opsonized (89-91). Furthermore, in D. discoideum mutants lacking PI3K, 

no reduction in WT L. pneumophila entry was observed, although avirulent 

L. pneumophila were defective in entry (91).   

L. pneumophila is also able to infect HeLa cells and other non-professional phagocytes, 

thus suggesting that the entry is a product of host-pathogen interaction (92). Indeed, 

bacterial mutants lacking the LetA/S two-component system regulator were defective for 

entry into macrophages (93). Defect in this regulator led to a reduced transition into the 

infectious form of L. pneumophila, consequently reducing the expression of multiple 

virulence genes (94, 95). The L. pneumophila proteins RtxA, EnhC, LpnE, and HtpB, 

have also been shown to influence L. pneumophila entry (96-100). In addition, LvhB2, 

another L. pneumophila protein encoded in a locus termed lvh, was shown to be important 

for bacterial entry at 30°C, but not 37°C (101). Consistently, the mobile genetic element 

p45 of L. pneumophila strain Philadelphia-1, which carries the lvh locus, was also shown 

to contribute to the bacterial entry (102). Whatever the means of entry, the processes that 

lead to formation of the Legionella-containing vacuoles (LCVs) appear to be similar in 

different cell types and hosts. 

1.6.2. Legionella-containing vacuole (LCV) formation 

 1.6.2.1 Avoidance of phagosome maturation 
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Upon entry, L. pneumophila is initially encapsulated inside a phagosome. Traditionally, 

the phagosome progressively acquires markers which signify the maturation of the 

bacteria-containing vacuole into phagolysosome. Mature phagolysosomes then degrade 

the bacteria through the actions of hydrolytic enzymes and acidic pH (103, 104). Once 

internalised, L. pneumophila forms a replicative niche termed the Legionella-containing 

vacuole (LCV) (Figure 1.2). In contrast to normal phagosomes, the LCV maintains a 

neutral physiological pH indicating the avoidance of progression into an acidic 

phagolysosome (105, 106). Further, unlike traditional phagosomes, the LCV avoids the 

acquisition of late-endosomal markers such as the lysosomal-associated membrane 

protein-1 (LAMP-1) and cathepsin D, but retains some early endosomal markers such as 

the Early Endosomal Antigen (EEA) 1 (107, 108). The mechanisms of LCV formation 

have been widely studied and are described in detail throughout this chapter. 

 1.6.2.2 Phosphoinositide (PI) lipid conversion 

The phosphoinositides (PIs) are phospholipids that make up approximately 10% of 

eukaryotic membranes. These lipids are composed of two fatty acid chains connected via 

glycerol to an inositol head group. The head group of PI lipids contains three free 

hydroxyl groups at positions 3, 4, and 5, that can be phosphorylated. Phosphorylation and 

de-phosphorylation of these residues occur via the PI-metabolizing enzymes PI-kinases 

and PI-phosphatases. Together with small GTPases, PI lipids recruit proteins with PI-

binding motifs, establish the cellular organelle identity, and regulate membrane dynamics 

(109). 

Extensive live cell imaging during L. pneumophila infection of D. discoideum clearly 

demonstrates the subversion of PI lipids by WT but not avirulent L. pneumophila (110). 

Upon entry into the host cells, regardless of the virulence, all phagosomes are covered in 

PI(3,4,5)P3, a marker of signal transduction and phagocytosis. Within one minute of 

entry, PI(3,4,5)P3 is replaced by PI(3)P in phagosomes containing either WT or avirulent 

L. pneumophila. PI(3)P signifies the endocytic pathway, and vesicles with PI(3)P are 

destined for phagosome maturation (110). However, by 2 hours post-infection, WT 
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L. pneumophila LCV, but not those containing avirulent mutants, has lost PI(3)P and 

instead acquired PI(4)P, a marker of the secretory pathway (110, 111). 

After its acquisition, PI(4)P is maintained on the LCV throughout infection, and functions 

to dock bacterial proteins, such as SidM/DrrA, SidC, and LotA, which are important for 

the next stage of intracellular replication (91, 110, 112-114). Despite the absence of 

comprehensive live imaging studies of PI lipid conversion in macrophages, SidC has also 

been shown to anchor to the LCV via PI(4)P (115), suggesting that similar conversion 

also happens in mammalian cells. 

 1.6.2.3 Endoplasmic reticulum (ER) remodelling and vesicle recruitment 

In addition to the avoidance of phagosome maturation and the conversion of PI lipid, 

LCV formation also involves an extensive remodelling of the host endoplasmic reticulum 

(ER). The ER is responsible for protein and lipid synthesis, and exists in three 

morphologies: tubules, sheets, and the nuclear envelope. Traditionally, after synthesis in 

ER, proteins are packaged in vesicles destined to the Golgi apparatus, where sorting and 

distribution occurs (116). Approximately 20 to 40 minutes after infection with 

L. pneumophila, the LCV associates with tubular ER proteins reticulon 4 (Rtn4) and 

atlastin 3 (Atl3), suggesting the recruitment of tubular ER to the LCV (117, 118). Despite 

this early recruitment, the importance of Rtn4 and Atl3 has only been demonstrated at 

later stage of infection to allow the expansion of LCV and accommodate bacterial 

replication (119).  

In addition to the tubular ER proteins, the small GTPases Rab1 and Arf1 are found on the 

LCV, where they mediate the recruitment of ER-derived vesicles to the LCV (107, 120). 

These small GTPases are key regulators that act as ‘molecular switches’ to regulate cargo 

selection and vesicle formation, transport, tethering, uncoating, and fusion (121). To 

execute these functions, small GTPases, such as Rab1, cycle between active (GTP-bound) 

and inactive (GDP-bound) forms. A GDP dissociation inhibitor (GDI) dissociation factor 

(GDF) facilitates the insertion of GDP-bound GTPases to the target membrane. Following 

this, guanine exchange factors (GEFs) convert the GTPases into the active GTP-bound 
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state. Active GTPases can recruit effectors to mediate appropriate functions (121). For 

instance, to allow vesicle movement, active GTP-bound Ypt31/32, a homolog of Rab11 

in yeast, recruits the motor protein myosin (122). After this function is executed, GTPase 

activating proteins (GAPs) convert the GTPases back into the inactive GDP-bound state. 

GDFs can then extract the inactive GTPases and later facilitate the insertion of inactive 

GTPase into the next target membrane (121). 

During L. pneumophila infection, vesicles from ER exit sites are recruited to the LCV in 

a process that is dependent on host small GTPases (107, 120, 123). Rab1 GTPase is one 

of the first proteins recruited to the LCV (123, 124). Rab1 mediates the recruitment of 

host proteins required for membrane fusion, such as the soluble N-ethylmaleimide 

sensitive fusion attachment protein receptors (SNAREs) (121). Disruption of Rab1 leads 

to a delay in Sec22b vesicular SNARE (v-SNARE) recruitment and reduced LCV 

biogenesis, as well as impaired L. pneumophila replication (123). At ER exit sites, the 

GTPase Sar1 recruits coat protein complex-II (COP-II) coat protein, v-SNAREs such as 

Sec22b, and other Sar1 effectors to form vesicles destined for the Golgi (125). Inhibition 

of Sar1 by an inactivating mutation leads to reduced recruitment of the v-SNARE Sec22b 

to the LCV (123). The v-SNARE Sec22b binds to target SNARE (t-SNARE) such as 

syntaxin on the LCV membrane, leading to trans-SNARE complex formation and 

subsequently the attachment and fusion of vesicles to the target compartment (126, 127). 

Consequently, inactivation of Sar1 also reduces the tethering and fusion of ER vesicles 

to the LCV and subsequently reduced L. pneumophila replication (123, 128). The GTPase 

Arf1 is responsible for the assembly of COP-I. After fusion, COP-II coat is removed and 

replaced with COP-I coat dependent on Arf1. As such, continuous vesicle production 

depends on Sar1-COP-II/Arf1-COP-I interactions. Consequently, silencing of Arf1 leads 

to reduced recruitment of ER proteins such as Sec22b, and impaired LCV biogenesis and 

L. pneumophila replication (120, 123).  

By 30 minutes post-infection, approximately 60% of WT L. pneumophila LCVs were 

associated with ER vesicles and mitochondria (Figure 1.1). The ER vesicles flatten and 

densely surround the LCV, resulting in a very narrow free area of less than 500 Å. This 

may also hinder the fusion of acidic vesicles to the LCV (129). By 6 hours after infection, 
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ER vesicles are no longer visible (129). However, resident ER proteins such as glucose-

6-phosphatase can be found in the LCV, suggesting that the vesicles have fully fused with 

the LCV (128). Additionally, ribosomes appear on the cytoplasmic face of the LCV, 

suggesting fusion with rough ER (Figure 1.1) (129). Following the ER vesicle fusions, 

the LCV membrane acquires a similar thickness to the Endoplasmic Reticulum (ER) 

membrane (129, 130). As infection progresses, the LCV transitions from a tight to a 

spacious compartment to accommodate bacterial replication. The host ER tubular 

proteins, Atl3 and Rtn4, are important to allow expansion of the LCV and subsequent 

bacterial replication (119).  

1.6.2.4 Accumulation of poly-ubiquitinated proteins on the LCV 

The cytoplasmic face of the LCV is also covered in poly-ubiquitinated proteins (Figure 

1.1), which is believed to support intracellular replication (131). Staining with FK-2 

antibody, which recognizes both mono- and poly-ubiquitin chains, showed that only cells 

infected with WT L. pneumophila produce a high level of staining of the LCV (132, 133). 

In addition, recruitment of eukaryotic ubiquitin ligases required for ubiquitination to the 

LCV has been observed, suggesting the importance of this process to LCV biogenesis 

(134).  

1.6.3 Exit from host cells 

The final step of infection is exit of the host cells and infection of other cells. Prior to cell 

egress, the LCV is lysed, leading to the presence of L. pneumophila in the cytosol. At 

12 h post-infection of U937 macrophages, 71% of LCV were disrupted, and by 18 hours, 

77% of infected macrophages harboured cytosolic bacteria. This number increased to 

99% at 24 h post-infection (135). After 24 h, cell death occurs, leading to the release of 

bacteria (136, 137).  

The timing of egress is governed by bacterial numbers and nutrient availability. The 

Legionella quorum sensing (Lqs) proteins are implicated in the regulation of a biphasic 
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life cycle. When the bacteria reached the post-exponential stage, a transition to the 

transmissive state occurs, where multiple virulence genes are upregulated (138). Mutants 

lacking the lqs gene cluster displayed reduced cytotoxicity in both macrophages and 

amoebae, suggesting reduced bacterial egress (139). In addition to the bacterial number, 

nutrient starvation also activates the stringent response, leading to the upregulation of 

virulence traits (140-143), which may then facilitate bacterial egress. For example, 

mutants lacking the iron importer LbtP display an early egress despite not reaching the 

same bacterial numbers as WT L. pneumophila (144).  

There are several proposed mechanisms of L. pneumophila egress. Firstly, host cell death 

may facilitate L. pneumophila exit from the host cells. Flagella biosynthesis is 

upregulated during the L. pneumophila transmissive stage (140). In mammalian cells, 

flagella may trigger host Nod-like receptor (NLR) family CARD domain containing 4 

(NLRC4) inflammasome assembly, leading to pyroptosis and bacterial exit from the cells 

during infection (145). However, upon entry, L. pneumophila still possess flagella. As 

such, pyroptosis due to flagella can also occur at early time points prior to bacterial 

replication and can be observed at high infectious dose in cell culture (145, 146). In 

addition to pyroptosis, a non-inflammatory type of host cell death, apoptosis, occurs at 

48 h and 96 h post-infection with L. pneumophila, and is hypothesized to aid in the 

bacterial egress (147). Infection with L. pneumophila also triggered mitochondrial 

damage, as shown by the release of cytochrome-c, leading to apoptosis at 24 h post-

infection (148).  

1.7 Immunity to L. pneumophila infection 

1.7.1 Pattern recognition receptors (PRRs) 

 1.7.1.1 Toll-like receptors (TLRs) 

To enable immune defence against infection, the mammalian cells recognize pathogen-

associated molecular patterns (PAMPs) via pattern recognition receptors (PRRs). This 
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leads to the activation of immune signaling cascades and the transcription of pro-

inflammatory and anti-microbial genes. The Toll-like receptors (TLRs) are one of the 

PRR classes implicated during L. pneumophila infection. TLRs are expressed in immune 

cells such as macrophages, DCs, and neutrophils, as well as other cell types such as 

fibroblasts, endothelial, and epithelial cells (149). There are 10 TLR classes in humans 

(TLR1-10), and 12 TLR classes in mice (TLR1-9, 11-13). Each class of TLR engages 

distinct sets of PAMPs. Upon PAMP recognition, all TLRs, except TLR3, signal through 

MyD88, resulting in the activation of immune signalling pathways such as NFκB, AP-1, 

and MAPK, and subsequently the secretion of pro-inflammatory cytokines (150, 151).  

During L. pneumophila infection, TLR2, 5, and 9 respectively recognize the bacterial cell 

wall components, flagellin, and unmethylated DNA (152-155). Despite the ability of 

TLR4 to recognize bacterial LPS, TLR4 is not activated by L. pneumophila LPS, perhaps 

due to the long lipid A fatty acid chain, high hydrophobicity, and unique sugar component 

(156). Consequently, Tlr4-/- mice displayed no reduction in either bacterial clearance or 

secretion of the pro-inflammatory cytokines IL12 and TNFα, suggesting that TLR4 is 

dispensable for host defence against L. pneumophila (157, 158). Mice deficient in TLR2 

displayed reduced bacterial clearance during infection with L. pneumophila. 

Consistently, a modest reduction in cytokine secretion and immune cell recruitment was 

observed, suggesting a protective role for TLR2 (159, 160). TLR5-deficient mice show a 

severe defect in neutrophil recruitment upon L. pneumophila infection (155). In humans, 

a stop codon polymorphism in the TLR5 gene rendered TLR5 unable to recognize 

flagellin, and this was associated with increased susceptibility to legionellosis (161). 

Together, these findings demonstrate the importance of TLR5 in protection against 

L. pneumophila infection. In contrast, deficiency in TLR9 does not have any significant 

effect on bacterial clearance and cytokine secretion (162).  

TLR2, 5, and 9 signal through MyD88. Consistent with the protective roles of TLR2 and 

TLR5 in L. pneumophila infection, MyD88-deficient mice were unable to clear 

L. pneumophila. Furthermore, these mice also displayed reduced cytokine secretion and 

neutrophil recruitment, as well as dissemination of the bacteria to the lymph nodes and 

spleen (159, 160, 162, 163). The impact of MyD88 deficiency is more pronounced than 
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the deficiency in either TLR2, 5, or 9 (163). Additionally, combinatorial deletions of 

TLR2, 5, or 9 do not produce similar impact to MyD88 deficiency (162), suggesting that 

other MyD88-dependent responses are also important for host immunity against 

L. pneumophila infection.    

 1.7.1.2 Nod-like receptors (NLRs) 

In addition to the TLRs, the Nod-like receptors (NLRs) are also involved in host immunity 

against L. pneumophila. NLRs are cytosolic PRRs which upon recognition of PAMPs 

may form the multi-protein complex inflammasome together with other adapter proteins. 

ASC is a key adapter protein in inflammasome assembly, however, not all 

inflammasomes require ASC (164). For instance, upon recognition of flagella, the NLR 

family, apoptosis inhibitor protein 5 (Naip5) heterodimerizes with NLRC4, thus forming 

the NLRC4 inflammasome. Activation of the NLRC4 inflammasome leads to the 

cleavage of pro-caspase-1 into active caspase-1. This leads to the activation of Gasdermin 

D, a pore-forming host protein that causes an inflammatory cell death termed pyroptosis, 

and aids the secretion of IL1β and IL18 (165).  

The NLRC4/Naip5 inflammasome mediates restriction of L. pneumophila upon 

recognition of L. pneumophila flagellin during both in vitro and in vivo murine infection 

(166-170). While the Dot/Icm T4SS is also required for the restriction, the pore-forming 

agent lysteriolysin O from Listeria monocytogenes can compensate the lack of Dot/Icm 

T4SS, suggesting that the pore-forming ability, rather than the effector translocation, is 

important for the restriction, presumably suggesting the role of Dot/Icm T4SS in 

mediating the entry of flagella to the cell cytosol from the LCV (167). Furthermore, unlike 

WT macrophages, infection of Naip5-/- macrophages do not lead to pyroptosis (167-169). 

NLRC4 inflammasome-mediated activation of caspase-1 also activates caspase-7. 

Deficiency in caspase-7 results in reduced bacterial clearance and pyroptosis, thus 

demonstrating the role of caspase-7 in NLRC4-driven response against L. pneumophila 

(171). 
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Caspase-1 is also activated through NLRC4-independent pathways. Upon 

L. pneumophila infection, the NLR family Pyrin domain containing 3 (NLRP3) 

inflammasome can activate caspase-1 via ASC (172). However, Asc-/- BMDMs can 

efficiently clear L. pneumophila despite the absence of IL1β secretion, suggesting that the 

bacterial clearance is primarily mediated by pyroptosis (169). Interestingly, while 

caspase-1 deficient macrophages displayed reduced clearance of L. pneumophila, the 

phenotype is weaker than NLRC4- or Naip5-deficient mice, suggesting the presence of 

caspase-1-independent NLRC4-mediated clearance of L. pneumophila (169, 170).  

A recent study demonstrated that in the absence of caspase-1 and caspase-11, NLRC4 

inflammasome can alternatively be assembled via ASC (173). Consequently, BMDMs 

deficient in caspase-1, caspase-11, and ASC displayed similar phenotype as Nlrc4-/- 

BMDMs, suggesting that NLRC4 response against L. pneumophila is mediated through 

ASC and caspase-1 (173). Following the alternative activation, an increase in caspase-8 

activity was observed, and silencing or deletion of caspase-8 in the absence of caspase-1 

or caspase-11 led to reduced bacterial clearance, suggesting that NLRC4/ASC 

inflammasome acts through caspase-8 (173, 174). However, this alternative activation is 

only observed when caspase-1 or gasdermin-D is silenced, perhaps suggesting that the 

NLRC4/Naip5 protection against L. pneumophila is mediated primarily by caspase-1-

dependent response (173). Alternative activation of the NLRC4-ASC-caspase-8 

inflammasome leads to the activation of caspase-7, and subsequently pyroptosis and 

bacterial clearance (174).  

1.7.2 Immune cell response 

Alveolar macrophages (AMs) are resident macrophages in the lungs. AMs are considered 

as the primary cell type infected by L. pneumophila upon inhalation of contaminated 

aerosols (79). Upon infection, AMs secrete pro-inflammatory cytokines, such as IL-1, 

TNFα, and IL-6, leading to the recruitment of other immune cells to the lungs (163, 175-

177). Secretion of IL-1 also stimulates uninfected bystander cells to secrete pro-

inflammatory cytokines such as TNFα and IL12 (177). Stimulation of AMs with TNFα 

also enhances the bactericidal properties of these cells, thus improving the clearance of 
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L. pneumophila (175). As such, while AMs may seem ineffective against L. pneumophila 

infection due to their role as the bacterial replicative niche, these cells also play an 

important role during immunity against the bacteria by executing anti-bacterial, 

surveillance, and paracrine functions.  

Cytokine secretion by infected and bystander cells leads to the recruitment of immune 

cells, such as neutrophils, monocytes, NK cells, and T cells. Neutrophils are recruited to 

the lungs during L. pneumophila infection by pro-inflammatory cytokines and 

chemokines, such as the C-X-C motif ligand 2 (CXCL2) family chemokines and IL1α 

(79, 178-180). Defects in neutrophil recruitment are associated with a higher 

L. pneumophila burden (163, 180-182). Furthermore, neutrophil-depleted mice are 

unable to clear L. pneumophila and eventually succumb to the disease (182, 183). 

Interestingly, upon phagocytosis of L. pneumophila by neutrophils, Dot/Icm effectors are 

translocated (79). However, there is no evidence of LCV formation or L. pneumophila 

replication in neutrophils. Neutrophils phagocytose L. pneumophila and produce reactive 

oxygen species (ROS), and deficiency in ROS production leads to an increase in bacterial 

burden in neutrophils, thus demonstrating the role of ROS in bacterial clearance from 

neutrophils (175). Additionally, neutrophils secrete pro-inflammatory cytokines, such as 

TNFα, IL-1α, IL17A, and IL12, which stimulate other cells bactericidal activity and 

cytokine secretion (175, 180, 184).     

Monocytes are also recruited to the lungs during L. pneumophila infection, leading to 

either differentiation into phagocytic cells termed monocyte-derived cells (MCs) or the 

maintenance of a non-differentiated state (177, 180, 185). The recruitment of monocytes 

into the lungs is dependent on the chemokine receptor CCR2 (186). Deficiency in CCR2 

leads to reduced clearance of L. pneumophila, suggesting the importance of monocytes 

in response against L. pneumophila (185). While blood monocytes or monocyte cell lines 

are often used as an in vitro model of L. pneumophila infection , there is no Dot/Icm 

translocation into monocytes during in vivo infection, perhaps suggesting that monocytes 

do not facilitate L. pneumophila replication (79). In addition, MCs serve as the major 

source of IL-12, which induces the production of IFNγ, a cytokine important for 

L. pneumophila clearance, by T cells and NK cells (180, 185).  
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1.7.3 Cytokine response 

During L. pneumophila infection, a robust pro-inflammatory cytokine response is 

correlated with bacterial clearance. During L. pneumophila infection, high levels of 

TNFα, IL-1, IL-12, and IFNγ are observed. Patients receiving anti-TNFα therapy are 

more susceptible to L. pneumophila infection (39), and, similarly, TNFα is also important 

for L. pneumophila clearance in the murine model of L. pneumophila infection, where the 

depletion of TNFα in the lungs exacerbates L. pneumophila infection (187). Furthermore, 

mice deficient in TNFα receptor 1 (TNFR1) display a severe reduction in L. pneumophila 

clearance, suggesting the importance of TNFα signalling. Interestingly, deficiency in 

TNFR2 does not negatively impact clearance, although excess neutrophil recruitment was 

observed, perhaps suggesting the different roles of the two TNF receptors during 

L. pneumophila infection (175, 188). TNFα also enhances the bactericidal capacity of 

BMDMs, leading to increased fusion of LCV with the lysosomal compartments (175). 

L. pneumophila can inhibit host protein translation, leading to a reduction of TNFα 

secretion by infected macrophages (177, 189). However, in response to this inhibition, 

global induction in pro-inflammatory mRNAs occurs, leading to the production of IL-1α 

and IL-1β in a MyD88-dependent manner (177, 189, 190). IL-1 production subsequently 

stimulates the production of other pro-inflammatory cytokines, such as TNFα, IL-12, and 

IL-6 by uninfected bystander cells (177, 189). In addition, bypassing this translation 

inhibition means IL-1α is further important for L. pneumophila clearance and neutrophil 

recruitment (176, 191). While the role of IL-1β in L. pneumophila clearance is less 

prominent than IL-1α (191), IL-1β stimulates the production of CXCL1 and CXCL2 

chemokines from alveolar epithelial cells, which later are important for neutrophil 

recruitment (181).  

During L. pneumophila infection, IL-12 is produced by monocytes, MCs, as well as 

dendritic cells (154, 180, 192). Neutralization of IL-12 reduces L. pneumophila clearance 

from A-strain mice (193). In addition, IL-12 also stimulates the secretion of IFNγ from 

NK cells and T cells (185, 192). IFNγ is vital for the clearance of L. pneumophila, as mice 

deficient in IFNγ or the IFNγ receptor IFNGR fail to control L. pneumophila (185, 192, 
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194). IFNγ enhances the bactericidal activity of MCs, but not neutrophils or AMs (185). 

The absence of IFNγ-mediated enhancement of AM bactericidal activity may be 

explained by the downregulation of IFNGR from AMs during infection, as constitutively 

expressing IFNGR in AMs reduces bacterial burden (195). Similar to AMs, IFNGR is 

also downregulated in BMDMs upon L. pneumophila infection (195). However, IFNγ 

treatment still enhances the clearance of L. pneumophila from macrophages and 

monocytes in vitro (196-198).   

IFNγ treatment enhances the transcription of IFN-stimulated genes (ISGs). These include 

the interferon-inducible GTPases, such as the guanylate binding protein (GBP), 

immunity-related GTPase (IRG), myxovirus resistance proteins (MX), and very large 

interferon-inducible GTPase (VLIG) (199). One study showed that IRG1 (Acod1) is 

sufficient for L. pneumophila control, as Acod1-/- deficient BMDMs displayed similar 

bacterial burden to Ifnar-/- BMDMs (200). However, another study showed that IRG1 

alone cannot account for the IFNγ-mediated restriction of L. pneumophila. Instead, the 

knock-out of six genes encoding for IRG1, IRG family M protein 1 (IRGM1), IRGM3, 

inducible nitric oxide synthase (iNOS), NADPH oxidase 2 (NOX2), and caspase-11 are 

required to achieve a complete loss in the IFNγ-mediated restriction of L. pneumophila, 

suggesting the roles of these six genes in IFNγ response to L. pneumophila (201).  

In addition to IRGs, GBPs have also been shown to play a role during the murine immune 

response to L. pneumophila infection. In particular, the GBPs encoded in chromosome 3 

(Gbpchr3, GBP1, 2, 3, 5, and 7) promotes non-conventional caspase-11 activation and 

pyroptosis (202-204). Caspase-11 recognizes cytosolic LPS, however, the LCV protects 

L. pneumophila LPS from caspase-11 recognition (205). Furthermore, the LPS of 

L. pneumophila possesses a long and unique structure which may be harder to recognise 

by host PRR (156). Upon IFN stimulation, GBPchr3 co-localize with L. pneumophila to 

promote the lysis of L. pneumophila (203, 206). This is hypothesised to unravel the 

L. pneumophila LPS to expose caspase-11 binding sites, leading to the non-conventional 

activation of caspase-11 inflammasome and pyroptosis (204). GBPchr3-mediated 

L. pneumophila lysis also leads to the release of bacterial DNA, leading to the activation 

of cytosolic DNA sensor such as cyclic GMP-AMP synthase (cGAS) (203). However, 
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the loss of LCV integrity is likely contributed through another factor, as Gbpchr3 knock-

out alone did not compromise the LCV integrity (203, 206). Consistently, Gbpchr3-/- 

BMDMs only display a modest reduction in bacterial clearance (203, 204).  

1.8 Secretion systems of L. pneumophila 

Bacterial secretion systems are commonly employed by various pathogenic bacteria, such 

as the pathogenic E. coli, Salmonella species and Yersinia species, to secrete bacterial 

virulence factors into the host cells to enable infection. The L. pneumophila genome 

encodes for four secretion systems; one type 1 secretion system (T1SS), one type 2 

secretion system (T2SS), and at least two type 4 secretion systems (T4SS) (67-70, 207-

209). 

1.8.1. Lss type 1 secretion system (T1SS) 

The T1SS encompasses a transmembrane apparatus used to secrete substrates into the 

extracellular space (210). This secretion system is commonly used by pathogenic bacteria 

such as the uropathogenic E. coli (UPEC) and Pseudomonas aeruginosa to secrete pore-

forming toxins (211, 212). In fact, many of the known pore-forming toxins, often 

characterized by having an RTX motif, are secreted through T1SS (209, 213). In UPEC, 

this apparatus consists of HlyA-D, with HlyA as the secreted pore-forming toxin. HlyC 

acts as an acyltransferase which activates HlyA. Meanwhile, HlyB and D are involved in 

the secretion process itself. In addition, another protein encoded separately from the hly 

operon, TolC, is also vital for the functionality of the T1SS. Altogether, these proteins 

form an apparatus similar to that of the ATP-binding cassette (ABC) transporter (213).  

During a search of L. pneumophila strain Corby genome, a set of genes which exhibited 

significant similarity to an ABC transporter system was identified (214). These genes, 

comprising lssXYZABD, were later shown to share homology with the T1SS of UPEC, 

Salmonella typhii and Vibrio cholera (209). L. pneumophila mutants lacking a component 

of the T1SS, TolC, displayed reduced replication in both mammalian and protozoan hosts, 
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perhaps suggesting that the T1SS plays a role in bacterial pathogenesis (215, 216). As the 

ability of the lss mutants to recruit ER marker was comparable to WT L. pneumophila, 

the T1SS may be important in early infection (217). Consistent with this, the T1SS 

substrate RtxA, is essential for L. pneumophila entry into the host cell (96, 217-219).  

1.8.2 Lsp type 2 secretion system (T2SS) 

Similar to the T1SS, T2SS also secretes substrates to the extracellular space (210). T2SSs 

rely on two different mechanisms; the Sec and Tat pathways to translocate proteins across 

the inner bacterial membrane into the periplasmic space (220).  Sec and Tat are two major 

ways utilized by bacteria to transport proteins across the cytoplasmic membrane. Sec 

typically transports unfolded proteins, whereas Tat transports them in folded state (221). 

Genomic analysis has revealed the presence of both Sec and Tat systems in 

L. pneumophila (67, 68), and mutation of tatB resulted in decreased levels of some, but 

not all, T2SS substrate (222), indicating the functionality of both systems.  

Genomic analysis shows that L. pneumophila possesses a complete T2SS apparatus (67, 

68, 223, 224). The T2SS consists of 12 components, LspC-M, and Lsp O. LspD forms 

the tip of the secretion system, and is anchored via LspC to the inner membrane protein 

channel that is composed of LspF, LspL, and LspM. The pseudopilins, consisting of 

LspG-K, aids in the translocation of substrates through LspO. Finally, LspE acts as a 

cytoplasmic ATPase (224, 225). The lack of functional T2SS led to a significant reduction 

in replication in amoebae and macrophages, indicating the importance of this system 

during L. pneumophila infection (223, 226, 227).  

In silico analysis predicts the presence of 60 T2SS effectors in L. pneumophila genome 

(228). To date, 25 of these predicted substrates have been confirmed through the analysis 

of lsp mutant compared to WT L. pneumophila culture supernatant (223, 224, 226, 229, 

230). Of these, while at least five proteins were shown to be important for replication in 

amoebae, only ChiA and NttE were shown to contribute to L. pneumophila survival in 

mammalian hosts (228, 231-234). Interestingly, the culture supernatant analysis revealed 

that IcmX and LvrE, components of two distinct T4SS in L. pneumophila, as well as 
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VirK, a homologue of the T4SS component in Agrobacterium tumefaciens were only 

found in the supernatant when the T2SS was fully functional (228). This suggests that the 

T2SS might have a relationship with the T4SS. In addition, LegP, which was one of the 

proteins identified in the analysis (228), was also reported to be a T4SS substrate, 

suggesting the possibility that proteins could be secreted through different secretion 

systems (224).  

1.8.3 Type 4 secretion systems (T4SSs) 

1.8.3.1 Lvh T4SS 

The Lvh T4SS is encoded in the lvh locus and consists of 11 genes with high homology 

to the virB/D secretion system of Agrobacterium tumefaciens (235). The lvh locus has a 

higher G+C content than the rest of the genome, suggesting acquisition via HGT (67, 

235). Different strains of L. pneumophila carry the lvh locus in different ways. For 

instance, the lvh locus of strain 130b is encoded chromosomally (69), whereas the 

Philadelphia-1 carries this locus in the p45 mobile genetic element (68). Not all 

L. pneumophila strain possess the Lvh T4SS. For instance, L. pneumophila strain Corby 

does not have this secretion system (71). The Lvh T4SS is dispensable for L. pneumophila 

replication in either macrophages or amoebae (235). However, under stressful condition 

and in the absence of a functional Dot/Icm T4SS, the Lvh T4SS can translocate several 

Dot/Icm effectors, leading to the rescue of bacterial entry, intracellular replication, and 

avoidance of phagosomal maturation (236, 237). 

 1.8.3.2 Dot/Icm T4SS 

The Dot/Icm locus was first discovered during a screening for mutants defective in 

replication by two different groups (208, 238). Two distinct loci defective in replication 

were called either Dot for defect in organelle trafficking or Icm for intracellular 

multiplication locus (208, 238). Mutants lacking these loci were unable to avoid 

phagosome acidification and could not recruit components of endoplasmic reticulum 
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(239, 240). Further analysis suggested that the components from both the dot and icm 

groups of genes, many of which were predicted transmembrane proteins, shared 

homology with the conjugal plasmid transfer apparatus (241).  

It was later shown that the apparatus was able to transfer plasmid DNA to both 

L. pneumophila and E. coli recipients (242, 243). This machinery was then found to 

translocate a L. pneumophila protein called RalF thus showing that this set of genes 

indeed encodes for a functional protein secretion system (244). Analysis of 58 Legionella 

spp species revealed that despite a high diversity between genomes, genes encoding for 

the Dot/Icm T4SS components were highly conserved, thus confirming the universal 

importance of this T4SS for replication of Legionella spp in multiple hosts (72, 74).  There 

are 26 components of the Dot/Icm T4SS. DotC, DotD, DotF, DotG, and DotH form a core 

transmembrane subcomplex. DotL, DotM, DotN, IcmS, IcmW, and LvgA form the 

Legionella type 4 coupling proteins (LT4CP) subcomplex (245). To allow efficient 

protein translocation, the Dot/Icm is localized to the polar ends of the bacteria, which 

depends on DotU and IcmF (246). 

The proteins secreted and translocated into the host cell cytosol by the Dot/Icm T4SS are 

termed Dot/Icm effector proteins. The discovery and characterisation of Dot/Icm T4SS 

effector proteins has been a major focus of research for many laboratories focusing on 

L. pneumophila infection. Identification of Dot/Icm effectors has been done through 

either screening of proteins that bind to the Dot/Icm apparatus using the yeast genetic 

system or by testing empirically using translocation assays (247-250). In addition, 

bioinformatics has also been used to identify C-terminal signal sequences thought to be 

important for translocation (251-253). Finally, within the genome of L. pneumophila, 

multiple genes encoding for eukaryotic-like proteins and eukaryotic domain-containing 

proteins were found (67, 72). These proteins are hypothesized to be Dot/Icm effectors, as 

they may be secreted into the host cell to mediate the manipulation of host processes. 

However, empiric evidence of the translocation via Dot/Icm T4SS has only been provided 

for a subset of these proteins (72, 254). Nonetheless, these efforts have led to the 

identification of over 330 putative effector proteins. These effectors manipulate various 
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eukaryotic cell processes, such as vesicle trafficking, protein translation, apoptosis and 

stress responses (255-257).  

1.9 Modulation of host processes by Dot/Icm effectors 

1.9.1 Dot/Icm effectors and avoidance of phagosome acidification 

Mutants lacking a functional Dot/Icm T4SS are unable to avoid phagosome maturation 

and acquire late endosomal markers such as LAMP1. Several Dot/Icm effectors have been 

reported to promote the avoidance of phagosome maturation. For instance, the Dot/Icm 

effector SidK inhibits VatA, a host vacuolar H+-ATPase (v-ATPase) involved in the 

acidification of phagosomes (258). In addition, the Dot/Icm effectors SetA, LtpM, and 

RavD, localize to the LCV as well as the early and late endosomes, where they are 

hypothesized to interfere with the endosomal trafficking (259-263). LtpM possesses 

glucosyltransferase activity, through which it blocks the microtubule-dependent 

movement of endosomes, possibly leading to reduced endosome fusion with LCV (261). 

While the mechanism of action of RavD remains unknown, ravD mutants display a 

significant increase in LAMP1 late endosomal marker acquisition compared to WT 

L. pneumophila, suggesting the role of this effector in the avoidance of phagosome 

maturation (262). Finally, VipD localizes to the endosome where it exhibits a 

phospholipase activity which catalyses the removal of PI(3)P from the endosome and, 

subsequently, efficient avoidance of recruitment of the endosomal protein Rab5 (264). 

1.9.2 Dot/Icm effectors and PI lipid tailoring 

The Dot/Icm effectors play a prominent role in the conversion of PI lipids, as mutants 

lacking a functional Dot/Icm T4SS reside in vacuoles containing PI(3)P, whereas WT 

L. pneumophila LCV is enriched for PI(4)P (110). At least four Dot/Icm effectors act as 

PI-metabolizing enzymes. LppA is a PI phosphatase which can facilitate the formation of 

PI(4)P from PI(3,4,5)P3, PI(3,4)P2, or PI(4,5)P2 in vitro. However, LppA does not appear 

to influence PI composition on LCV. Rather, LppA improves L. pneumophila 
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intracellular replication by removing phytate (265). Another effector, SidP, acts as PI(3)-

phosphatase, leading to the conversion of PI(3,5,)P2 into PI(5)P, or PI(3)P into PI. The 

ability of SidP to remove PI(3)P is hypothesized to aid in phagosome maturation evasion, 

however the role of SidP during infection is currently unknown (263).  

The Dot/Icm effector LepB was recently found to be a PI-3-kinase, which converts PI(3)P 

into PI(3,4)P2 (266). PI(3,4)P2 can later be used as a substrate by another effector, SidF, 

to generate PI(4)P through its CX5R protein-tyrosine phosphatase motif (266, 267). In 

addition to this role, SidF may also work together with the host PI(5)-phosphatase inositol 

polyphosphate-5-phosphatase (OCRL) to generate PI(4)P from PI(3,4,5)P3. The deletion 

of SidF leads to a reduction in SidC recruitment to the LCV, suggesting reduced PI(4)P 

availability on the LCV (267). However, sidF mutants do not display any reduction in 

bacterial replication (268), perhaps due to the presence of other Dot/Icm effectors 

involved in PI tailoring. Bioinformatics analysis revealed that over 400 L. pneumophila 

proteins possessed CX5R motifs, suggesting the presence of more proteins with PI-

phosphatase activity (267). In addition to the PI-metabolizing enzymes, L. pneumophila 

also acquires PI(4)P-rich vesicles from the trans-Golgi in a Dot/Icm-dependent manner 

(111). However, the effector responsible for this phenotype has yet to be identified. 

Finally, to maintain the PI(4)P-rich composition of LCV,  L. pneumophila may also avoid 

the acquisition of PI(3)P-rich vesicles from endosomes and retrograde trafficking. A 

Dot/Icm effector protein, RidL, modulates Rab7 GTPase to prevent the acquisition of 

vesicles from the retrograde (Golgi-ER) trafficking pathway (269).  

1.9.3 Dot/Icm effectors in ER remodelling and small GTPase modulation 

The Dot/Icm effectors are important in ER remodelling. Mutants lacking a functional 

Dot/Icm T4SS are unable to recruit ER-derived vesicles (107, 208, 270). The association 

of the tubular ER protein Rtn4 is dependent on the Sde family effectors, which consists 

of three effectors located in close proximity SdeA, SdeB, and SdeC. The loss of all three 

Sde proteins leads to a reduction in Rtn4 association with LCV, however, this can be 

rescued by the expression of SdeB or SdeC alone, suggesting that the three proteins act 

redundantly (118). The effector protein Ceg9 can interact with Rtn4 to form a tripartite 
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complex with Atl3 on the LCV (117). However, Ceg9 is not important for the recruitment 

of Rtn4 (118), suggesting that it may play a role in the modulation of Rtn4 on the LCV. 

In addition to the recruitment of Rtn4, WT L. pneumophila infection leads to a structural 

change in Rtn4, characterized by the presence of a higher molecular weight form. This 

structural change is dependent on the Dot/Icm T4SS, and is associated with five other 

effectors, Lpg0112, Lem10, SidJ, Lpg2244, and Lpg2248, that drive the high molecular 

weight version of Rtn4. Additionally, mutants lacking Sde family proteins show an 

alteration in LCV morphology, as well as premature rough ER association (118). 

However, the consequence of this for bacterial intracellular replication remain unknown.  

Many Dot/Icm effectors are involved in the manipulation of host small GTPases. For 

instance, the effector protein RalF contains a Sec7 homology domain, commonly found 

in GEFs. RalF recruits the small GTPase Arf1 to the LCV and acts as GEF for Arf1 (120). 

Other Dot/Icm effectors target host Rab1 GTPase. The Dot/Icm effector SidM/DrrA is 

implicated in recruiting and activating host Rab1 (271-273). SidM/DrrA possesses a GDI-

displacement factor (GDF) activity which can displace the endogenous Rab1 GDI and 

recruit Rab1 to the LCV. The GEF domain of SidM/DrrA then mediates the activation of 

Rab1 (271, 274). Another study later found that the GEF activity of SidM/DrrA alone can 

displace Rab1 GDI, therefore the importance of the GDF domain of SidM/DrrA is 

questionable (275). SidM/DrrA also mediates AMPylation of Rab1, which hinders GAP-

mediated inactivation of Rab1 (276). Despite these exciting actions of SidM/DrrA in 

vitro, deletion of sidM does not lead to any significant replication defect or any defect in 

LCV biogenesis (272). This suggests the presence of other effectors which may 

compensate the loss of SidM by executing similar functions. 

In addition to SidM/DrrA, other effectors (DrrB-E, LspE, LvgA, SidC, SdcA, SdeA, 

SdeB, SdeC, SdeD, SidE, and LidA) are all involved in the recruitment of Rab1 to the 

LCV (273). SidC and its paralogue SdcA are anchored to the LCV via PI(4)P binding, 

where they promote the recruitment of ER vesicles (114, 115). SidC ubiquitinates Rab1, 

leading to increased recruitment of Rab1 to the LCV (277). Additionally, a member of 

SidE family protein, SdeA, ubiquitinates Rab1 using its arginine-specific ADP-

ribosyltransferase motif (R-S-EXE), possibly leading to the recruitment of Rab1 to the 
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LCV (278). On the other hand, LidA protects active GTP-bound Rab1 from inactivation 

by GAP proteins (279), but the loss of LidA does not lead to any significant reduction in 

replication, other than a modest reduction in Rab1-positive LCVs, again suggesting the 

presence of functionally redundant effectors (272). Another effector, WipB, is 

functionally similar to LidA, and a ΔwipBΔlidA double mutant strain displays an 

attenuation in ER-vesicle recruitment and L. pneumophila replication (280). However, 

this attenuation is modest, suggesting the presence of other effectors that may execute 

similar function. 

Key to the role of Rab1 is the cycling between active and inactive forms (121). In addition 

to effectors activating Rab1, there are also Dot/Icm effectors that inactivate Rab1. The 

effector protein SidD can remove AMP from Rab1, which allows access for GAP proteins 

to inactivate Rab1 (281, 282). Furthermore, the Dot/Icm effector LepB acts as a GAP that 

converts GTP-bound Rab1 to the inactive GDP-bound Rab1 (271). The effector protein 

AnkX mediates the phosphocholination of Rab1 to hinder GAP-mediated inactivation 

(283, 284). However, another effector protein, Lem3, removes this modification hence 

enabling access to inactivate Rab1 (285).  

In addition to the Arf1, Sar1, and Rab1 GTPases, other GTPases, such as Ran and Rap 

are found on the LCV (286-289), suggesting that L. pneumophila may be modulating 

multiple GTPases including those not directly involved in the ER-Golgi (anterograde) 

trafficking pathway. For instance, the Dot/Icm effector protein LegG1 targets Ran 

GTPase, leading to microtubule polymerization and increased LCV motility. This 

interaction is important for L. pneumophila replication, as legG1 mutants displayed 

attenuated replication in BMDMs (290).  

1.9.4 Dot/Icm effectors and host immune response 

Although L. pneumophila is a pathogen of amoebae, and as such has not evolved with a 

mammalian immune system, several effector proteins inadvertently influence host cell 

immune responses. For example, L. pneumophila can dampen the host NFκB response to 
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allow efficient infection. NFκB activation results in pro-inflammatory cytokine 

production, such as TNFα, important for the clearance of L. pneumophila (175, 187, 291).  

The Dot/Icm effector proteins MavC and RavD can dampen host NFκB responses (292, 

293). MavC acts as a trans-glutaminase that covalently modifies the host E2 ubiquitin-

conjugating enzyme, UBE2N, with a unique ubiquitin linkage that is unusable by the host 

(292). E2 enzymes work in concert with E3 ubiquitin ligases to synthesize ubiquitin 

chains (294). The modification of host UBE2N inhibits its activity, resulting in the loss 

of K63 poly-ubiquitin chains, and subsequently the K48-linked ubiquitination and 

degradation of IκB. This leads to the inhibition of NFκB activation during early infection 

(292). Interestingly, MavC can be inhibited by another Dot/Icm effector, Lpg2149, which 

competes with ubiquitin to bind MavC (295). However, the relevance of this inhibition 

during infection requires more investigation.  Another effector, RavD is a deubiquitinase 

(DUB) that hydrolyzes linear ubiquitin chains. RavD localizes to the LCV via 

PI(3)P/PI(4)P interactions and reduces the amount of linear ubiquitin chains on the LCV. 

Deletion of ravD leads to increased degradation of IκB, suggesting a role for RavD in 

inhibition of the NFκB pathway (293). However, it is currently unclear how the reduction 

in linear ubiquitin chain leads to inhibition of the NFκB pathway. 

In addition to the NFκB pathway, L. pneumophila also inhibits the host translation, 

leading to the inhibition of cytokine production. There are at least seven Dot/Icm effectors 

(Lgt1-3, SidI, SidL, LegK4, and Lpg1489) that can inhibit host translation (177, 296-

298). This inhibition leads to a reduced cytokine response from infected cells. However, 

mutants lacking all seven effectors still display translation inhibition compared to the 

∆dotA mutant, suggesting the presence of other effectors modulating this process (176). 

1.9.5 Dot/Icm effectors and host cell death  

While amoebae can undergo programmed cell death, the molecular mechanism is 

currently unclear. Nonetheless, the signalling leading up to apoptosis is likely to be 

different from that of mammalian cells, as amoebae lacks mammalian proteins involved 
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in apoptosis, such as caspases (299-301). In addition, amoebae also lacks the mammalian 

immune signalling that may result in apoptosis, such as the NFκB signalling pathway.   

Several Dot/Icm effectors were shown to reduce host apoptosis through the modulation 

of NFκB signalling pathway. Despite an initial inhibition of host NFκB, this response is 

later activated. WT L. pneumophila infection resulted in a sustained NFκB activation in 

a Dot/Icm T4SS dependent manner. Transfection of a library of tagged Dot/Icm revealed 

that 13 Dot/Icm effectors can induce prolonged NFκB activation, leading to the 

transcription of anti-apoptotic BCL2 family proteins (302-304). Of these 13 Dot/Icm 

effectors, two effectors, LnaB and LegK1, are the most well-characterized (305, 306). 

While the mechanism of action of LnaB remains unclear, the coiled-coil domain is 

required for the induction of NFκB activation (305). Meanwhile, LegK1 mimics the 

action of IKK by phosphorylating host IκB, leading to translocation of the NFκB subunit 

p65 into the nucleus (306). Deletion of both lnaB and legK1 does not lead to a significant 

reduction in bacterial replication, consistent with the presence of multiple Dot/Icm 

effectors that can induce prolonged NFκB activation (305).  

However, while the activation of NFκB increased the level of transcript of anti-apoptotic 

genes, another study showed that the level of these proteins were not altered, perhaps due 

to the translation inhibition by L. pneumophila (307). Furthermore, in addition to the 

BCL2 family proteins, the pro-apoptotic protein BNIP3 is also influenced by NFκB. 

Another Dot/Icm effector, SidF, was shown to reduce apoptosis during infection of 

murine macrophages through interaction with the pro-apoptotic proteins BNIP3 and 

BCL-RAMBO (308). However, this phenotype is not reproducible, as another study 

demonstrated that loss of SidF does not affect host cell apoptosis or bacterial burden 

during infection by L. pneumophila. Furthermore, the loss of pro-apoptotic proteins 

BNIP3, BCL-RAMBO, Bax, or Bak did not influence host apoptosis and L. pneumophila 

burden, thus further emphasising the dispensability of SidF during infection (268). 

The inhibition of translation by L. pneumophila Dot/Icm effector proteins may also 

contribute to host cell death, as translation inhibition leads to the loss of the rapidly-turned 

over anti-apoptotic protein MCL1 in murine BMDMs, thus sensitising the cells to BCL-

XL anti-apoptotic activity. Consistently, inhibition of BCL-XL increases host cell death 

and reduces L. pneumophila burden (307). Nonetheless another study later showed that 
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cell death due to translation inhibition was more likely to be pyroptosis rather than 

apoptosis (268). Therefore, more studies are required to clarify the inhibition of host cell 

death by L. pneumophila. 

Intriguingly, L. pneumophila can also enhance host apoptosis at later stage of infection, 

which may facilitate bacterial egress (147, 148). In dendritic cells (DCs), five Dot/Icm 

effectors, VipD, LegS2, Lem12, Ceg18, and Lpg0716, induce caspase-3-mediated 

apoptosis. LegS2, Lem12, and Ceg18 localize to the mitochondria, although their exact 

mechanisms of caspase 3 activation are unknown. On the other hand, through its 

phospholipase activity, VipD generates lysophospholipids and fatty acids which trigger 

mitochondrial damage and the release of cytochrome-c (309). Although VipD does not 

induce caspase-3 in macrophages at early time points (309), the relevance of these 

effectors at later timepoints has not been determined. 

Taken together, these show that the Dot/Icm effectors are important modulators of the 

host processes which enable the intracellular replication of L. pneumophila. Multiple 

Dot/Icm effectors may target the same pathways, and may act either synergistically or 

antagonistically with each other, which exemplifies the complexity of the effector 

network.  

1.10 Aims of this study 

The Dot/Icm T4SS is critically important to the ability of L. pneumophila to replicate in 

all host cells. The T4SS secretes over 330 effectors into the host cells that manipulate a 

wide range of host processes. However, the majority of the effector repertoire remains 

uncharacterized, owing to the large number of effectors and functional redundancy, where 

multiple effectors target the same pathway. Therefore, the broad aim of this study is to 

identify Dot/Icm effectors important for L. pneumophila virulence traits. To bypass the 

challenges of studying the Dot/Icm effectors, large genomic region mutants of 

L. pneumophila strain 130b were generated in this study. Using these mutants, we aimed 

to characterize Dot/Icm effectors important for bacterial survival both in vitro and in vivo.  
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Figure 1.1. The intracellular lifestyle of L. pneumophila. 

Following phagocytosis, L. pneumophila avoids lysosomal acidification and recruits ER-

derived vesicles, mitochondria, leading to the formation of an ER-like vacuole termed 

Legionella-containing vacuole (LCV) where the bacteria replicates. The LCV is 

associated with ER-derived proteins, ribosomes, and poly-ubiquitinated proteins. After 

exhausting the nutrients in the host cells, L. pneumophila lyses cells to egress from the 

host cell. Image is adapted from (310). 
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Figure 1.2. Electron micrograph of L. pneumophila-infected macrophage. 

L. pneumophila (rod-shaped bacteria) replicates inside the Legionella-containing 

vacuole (LCV). Two LCVs are shown in this image. Image was created by Vicki 

Bennett-Wood.  
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Chapter 2  

Materials and Methods  

 

2.1 Chemicals and reagents 

Unless otherwise stated, all chemicals and reagents used in this study were purchased 

from Sigma-Aldrich, Merck, Astral Scientific, Ajax Finechem, or Chem Supply. 

Bacteriological media components were purchased from Oxoid, BD Difco, Merck, or 

Sigma-Aldrich. Antibiotics were purchased from either Astral Scientific or Sigma-

Aldrich. Tissue culture media were obtained from HyClone, Bovogen, Sigma-Aldrich, or 

Life Technologies.   

2.2 Bacterial strains, media, and growth conditions 

All bacterial strains and plasmids used in this study are listed in Table 2.1 and Table 2.2 

respectively. E. coli was grown in either Luria-Bertani (LB, 1% (w/v) tryptone, 1% (w/v) 

NaCl, 0.5% (w/v) yeast extract) broth or agar. LB agar was made by adding 2% 

bacteriological agar to LB broth. Whenever required, either chloramphenicol or 

kanamycin was added at respectively 25 μg/mL or 100 μg/mL. For culturing 

L. pneumophila, either buffered charcoal yeast extract (BCYE) agar or N-(2-acetamido)-

2-aminoethanesulfonic acid (ACES)-buffered yeast extract broth (1% (w/v) ACES buffer, 

1% (w/v) yeast extract, pH 6.9) supplemented with 1 mM iron(III) nitrate (Fe(NO3)3) and 

1 mM L-cysteine hydrochloride was used. Chloramphenicol (6.25 μg/mL), kanamycin 

(25 μg/mL), isopropyl β-d-1-thiogalactopyranoside (IPTG, 10 mM), or sucrose (5%) was 

added as required. All L. pneumophila agar media were purchased from the media 

preparation unit (MPU) at the Peter Doherty Institute (PDI).  

All E. coli agar cultures were grown at 37°C for 1 day, whereas L. pneumophila agar 

cultures were grown at 37°C for 3 days. Liquid cultures for both E. coli and 

L. pneumophila were grown at 37°C for 18-20 h with agitation at 180-200 rpm. Long-

term storage of all bacterial strains used in this study was done in 50% glycerol broth at -
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80°C. All bacterial media used for growth and storage were sterilized at 121°C for at least 

20 minutes at 15 kPa.  

2.3 DNA isolation, purification, and sequencing 

2.3.1 Bacterial genomic DNA (gDNA) extraction 

 Genomic DNA was extracted from proteinase-K treated L. pneumophila using the 

Quick-gDNATM MiniPrep kit (Zymo Research) according to manufacturer’s protocol.   

2.3.2 Plasmid DNA extraction 

Plasmid DNA extraction was done using the Qiaprep Spin Miniprep kit (Qiagen) 

according to the manufacturer’s protocol. 

2.3.3 DNA purification 

DNA purification and gel clean-up were performed using the ZymoCleanTM DNA 

purification or gel purification kit (Zymo Research) according to the manufacturer’s 

protocol. 

2.3.4 Quantification of DNA concentration 

DNA concentration was determined using NanoDrop spectrophotometer (Thermo Fisher) 

according to manufacturer’s instructions. 

2.3.5 DNA sequencing 

Sanger sequencing for plasmid DNA was done using the ABI PRISM BigDye Terminator 

(Applied Biosystems) according to manufacturer’s instruction (Table 2.5). Sample 

purification and capillary electrophoresis were performed by either Australian Genome 
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Research Facility (AGRF), Monash High Throughput Platform (MHTP) Medical 

Genomics Facility, or Micromon Genomics. DNA sequence analysis was performed 

using either Sequencher® v 5.0 software (Gene Codes Corporation), or a combination of 

Chromas (Technelysium) and Serial Cloner v 2.6.1 (Serial Basics).  

2.4 DNA manipulation 

2.4.1 Polymerase Chain Reaction (PCR) 

All oligonucleotides used for PCR were purchased from either Sigma-Aldrich or IDT. A 

list of oligonucleotides used in this study can be found on Table 2.3. Thermocycler 

reactions used in this study can be found in Table 2.4. PCR was done using either G-

Storm GS482 Thermal Cycler (G-STORM), LifeTouch Thermal Cycler (Bioer), or T100 

Thermal Cycler (Bio-Rad). Amplification of DNA fragments from bacterial gDNA was 

performed using Pfu Ultra II (Agilent Technologies) according to the manufacturer’s 

protocol (Table 2.4). Overlap PCR was performed using Phusion-HF DNA polymerase 

(NEB) as detailed in Table 2.4. For colony PCR, GoTaq® Mastermix (Promega) was 

used (Table 2.4). Colonies were picked using sterile pipette tips or toothpicks and used 

as templates for the PCR reaction.  

2.4.2 DNA gel electrophoresis 

Agarose gel electrophoresis was used to separate and analyze DNA fragments. Agarose 

gel (Bioline) was made up to 1% (w/v) concentration in 1xTris-Acetate Ethylenediamine 

tetraacetic Acid/EDTA (1x TAE, Table 2.5) buffer containing 0.01% (v/v) SYBR-Safe 

DNA gel stain (Invitrogen). The DNA samples were mixed with 6x loading dye (NEB) 

and ran alongside NEB 1-kb ladder. Gels were visualized using the fluorescence mode of 

AI600 Imager (GE).   

2.4.3 DNA restriction digest and ligation 
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Restriction digest was done at 37°C for at least 3 hours using the appropriate enzymes in 

20 μL reactions. All restriction enzymes were obtained from NEB. DNA ligation was 

done in 20 μL reaction using T4 ligase from NEB either for 2 hours at room temperature 

or overnight at either 4°C or 16°C. 

2.4.4 Transformation of E. coli 

2.4.4.1 Preparation of chemically competent E. coli strains 

The appropriate E. coli strains were grown in LB broth without any antibiotics for 

overnight at 37°C with shaking (180-200 rpm). Overnight culture was sub-inoculated 

1:100 in 50 mL Super Optimal Broth (SOB, 2% (w/v) tryptone, 0.5% (w/v) yeast extract, 

10 mM NaCl, 2.5 mM KCl, 10 mM Mg2SO4, 10 mM MgCl2) and incubated with shaking 

(180-200 rpm) at either 37°C for 4-6 hours or 16°C for 40-60 hours to an OD600 of 0.4-

0.8. After incubating the cells on ice for 10 minutes, the culture was spun down at 2,500 

rpm for 15 minutes at 4°C. The pellet was then resuspended in ice-cold transformation 

buffer (Table 2.5). After adding DMSO, the suspension was frozen in aliquots at -80°C. 

2.4.4.2 Transformation of E. coli 

The appropriate plasmid DNA was added into an aliquot of chemically competent E. coli. 

The mixture was then incubated on ice for 20-30 minutes, followed by heat shock at 42°C 

for 90 seconds. After standing on ice for 2-3 minutes, the bacteria were recovered in 0.9 

mL Super Optimal Broth with Catabolic Repression (SOC, SOB plus 20 mM glucose) 

for 1.5-2 h before plating on LB agar plates supplemented with the appropriate antibiotics. 

2.5 Genetic manipulation of L. pneumophila 

2.5.1 Transformation of L. pneumophila 
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A loopful of bacteria was added into 1 mL PBS and pelleted at 13,300 rpm for 1 minute. 

The pellet was then washed twice in ice-cold sterile H2O and spun down at 13,300 rpm 

for 1 minute at 4°C. After one wash with ice-cold sterile 10% glycerol in H2O, the pellet 

was resuspended in 0.5 mL ice-cold 10% glycerol and aliquoted in 0.1 mL. Plasmid DNA 

was mixed with each aliquot and transferred to chilled 0.2 cm electroporation cuvette 

(Cell Projects). Electroporation was then done at 2.3 μF. ACES broth was immediately 

added to the electroporated bacteria and the culture was allowed to recover for 4-5 h at 

37°C with shaking (180-200 rpm). Culture was then plated on BCYE plates supplemented 

with the appropriate antibiotics. 

2.5.2 L. pneumophila mutants construction 

The 5’ and 3’ flanking sequences of the region to be deleted were first amplified from 

L. pneumophila gDNA using primers as indicated in Table 2.3 and combined using 

overlap PCR. The resulting product was run on 1% agarose gel, and the band with correct 

size was excised. After gel purification, the DNA was digested using the appropriate 

restriction enzymes as indicated in Table 2.3 and ligated into pSR47s suicide vector. The 

construct was then transformed into Pir2 E. coli. Positive transformants were identified 

using colony PCR with primers pSR47s-F and R. Finally, plasmid was then extracted 

from the positive transformants and confirmed by Sanger sequencing. To ensure that the 

overlap PCR has combined the two flanking regions properly, internal sequencing 

primers (B seq-I seq, Table 2.3) were also used for sequencing in addition to the pSR47s-

F and R primers. 

L. pneumophila mutants construction was conducted in two steps. In the first step, the 

suicide vectors (pSR47s:ΔA-ΔI, Table 2.2) were transformed into L. pneumophila strain 

130b. Positive transformants which have undergone the first homologous recombination 

event were selected using kanamycin (25 μg/mL) and identified with colony PCR. The 

second homologous recombination was induced by single streaking the positive colonies 

obtained from the first step onto BCYE plates supplemented with 5% sucrose. Positive 

colonies were firstly screened with colony PCR using the primers as indicated in Table 

2.3. Finally, the mutants were confirmed using whole genome sequencing.   
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2.5.3 Ectopic expression of effector proteins in L. pneumophila 

 2.5.3.1 Expression of TEM-1-tagged ralF 

The TEM-1 fusion protein overexpression construct pXDC61:ralF was previously 

created by Dr Ralf Schuelein. The gene encoding for ralF was amplified from the gDNA 

of L. pneumophila strain 130b, This plasmid was transformed into all L. pneumophila 

large genomic region mutants (ΔA-ΔI) and plated onto BCYE plates plus 6.25 μg/mL 

chloramphenicol. Positive colonies were screened with colony PCR using pMMB207c F 

and R primers (Table 2.3). 

 2.5.3.2 Expression of legC4 

To create the overexpression construct pMMB207c_4xHA:legC4, the gene encoding for 

legC4 was amplified from the gDNA of L. pneumophila strain 130b using primers LegHA 

F and LegHA R (Table 2.3). On the other hand, for the complementation vector 

pMMB207c:plegC4, in addition to the gene encoding for LegC4, the 312-bp region 

upstream of legC4 was amplified from the gDNA of L. pneumophila strain 130b. After 

confirming that the right fragments had been amplified using gel electrophoresis, the 

DNA was purified and digested using the appropriate restriction enzymes. DNA 

purification was again performed followed by ligation into pMMB207c:4xHA or 

pMMB207c vector. The constructs were then transformed into XL1 Blue E. coli (Table 

2.1) and plated onto LB plates supplemented with 25 μg/mL chloramphenicol. Colony 

PCR was performed using primers pMMB207c F and R to screen for positive colonies. 

Plasmid extraction from positive colonies was then done, followed by sequencing with 

primers pMMB207c F and R. The plasmids for ectopic expression of LegC4 were 

transformed into L. pneumophila strain 130b and plated onto BCYE plates containing 

6.25 μg/mL chloramphenicol. Positive colonies were screened with colony PCR using 

pMMB207c F and R primers (Table 2.3). 

2.6 Whole genome sequencing of L. pneumophila 
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Sequencing of L. pneumophila WT and mutants gDNA was performed by Dr Sacha Pidot 

(PDI, The University of Melbourne) using an Illumina NextSeq platform. Sequencing 

library was made using Nextera XT according to the manufacturer’s instructions. Snippy 

v 3.2 was used to call single-nucleotide polymorphisms (SNPs) with the WT 

L. pneumophila 130b genome as reference (311). SPAdes v 3.7.1 was used to assemble 

the sequenced reads when required (312).  

2.7 Growth curve of L. pneumophila 

L. pneumophila was grown in ACES broth for approximately 18 h with agitation. This 

culture was then adjusted to OD600 of 0.01 and loaded onto flat-bottom 96-well plate 

(Corning) wells in triplicate. The OD600 of each well was measured every 5 minutes for 

40 h using ClarioStar® microplate reader (BMG Labtech). Throughout the reading, the 

microplate reader was set to agitate at 200 rpm and temperature was maintained at 37°C. 

To ease analysis, only data points measured at two-hour intervals were included. The 

mean OD600 of triplicate for each sample was then plotted in each experiment. 

2.8 Cell culture 

THP1 monocytes were sustained in Roswell Park Memorial Institute (RPMI) 

supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS, HyClone 

Technologies, Utah, USA). All cells were maintained at 37°C, 5% CO2 and passaged 

whenever 90% confluency was reached. For cryogen long-term storage, cells were kept 

in FBS containing 10% (v/v) DMSO. 

Acanthamoeba castellanii Neff strain (ATCC30010) was maintained at room temperature 

in Peptone Yeast Glucose (PYG, 2% peptone, 0.1% sodium citrate, 0.1% yeast extract) 

medium supplemented with 0.1 M glucose, 0.4 mM CaCl2, 2.5 mM KH2PO4, 4 mM 

MgSO4, 2.5 mM Na2HPO4, 0.05 mM Fe4O21P6). Cells were passaged every 3 days, and 

discarded once the passage number exceeds 30. L. pneumophila infection was performed 



40 
 

in the minimal medium (PYG without glucose, yeast extract, and peptone) at 37°C, 5% 

CO2. For long term storage, cells were stored in PYG plus 10% (v/v) DMSO. 

2.9 L. pneumophila replication assay 

2.9.1 L. pneumophila replication assay in THP1 macrophages 

Prior to infection, THP1 monocytes were differentiated into macrophages by adding 50 

ng/mL phorbol 12-myristate 13-acetate (PMA) and seeded at 5x105 cells per well in 

duplicates in 24-well plates. The cells were then allowed to differentiate at 37°C, 5% CO2 

prior to infection for 3 days after seeding. When IFNγ treatment was required, at 

approximately 18 h before infection, media was replaced with RPMI containing 100 

ng/mL IFNγ and 50 ng/mL PMA. 

Infection was performed at a MOI of 10 using L. pneumophila grown from either BCYE 

plates or liquid ACES broth. Cells were incubated at 37°C, 5% CO2 for 2 hours, followed 

by gentamicin treatment (100 μg/mL) for 1 h at the same condition. After removing 

gentamicin, cells were washed to completely remove the gentamicin and fresh media was 

added to all wells, except t=3 h. To all wells in this plate, 0.05% (w/v) digitonin was 

added to lyse the cells. Lysis was performed at room temperature for 5 minutes. Lysed 

cells were then scraped, harvested in ACES broth, and serially diluted in PBS. The 

appropriate dilutions were then plated on BCYE plates. For later timepoints, infection 

media was collected to account for bacteria that have escaped the host cells. Cells were 

then lysed, harvested, and pooled with the collected media, prior to serial dilution and 

plating in a similar manner to the first timepoint. Plates were then incubated at 37°C for 

3 days, and the bacterial colony-forming unit (CFU) was quantified. 

2.9.2 L. pneumophila replication assay in A. castellanii 

A. castellanii were seeded at 2x105 cells/well in 24-well plates and incubated in PYG 

media at RT for 24 h. Prior to infection, non-adherent cells were removed by washing 
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with minimal medium. L. pneumophila infection was then performed at a MOI of 2. Cells 

were incubated at 37°C, 5% CO2 for 2 h, followed by gentamicin treatment (100 μg/mL) 

for 1 h at the same condition. After removing gentamicin, cells were maintained in 

minimum media until the desired time points. At each time point, amoebae were lysed by 

vigorous vortexing. Serial dilutions of the lysate were then plated on BCYE agar at 37°C 

for 3 days to enable enumeration of bacterial CFU. 

2.10 TEM-1 β-lactamase translocation assay 

WT and mutant L. pneumophila strains carrying TEM-1 β-lactamase-tagged RalF were 

grown in ACES broth containing 6.25 μg/mL chloramphenicol and 10 mM IPTG for 18 

h at 37°C with agitation at 180-200 rpm. These strains were then used to infect PMA-

differentiated THP1 macrophages at an MOI of 40. In this assay, the THP1 macrophages 

were seeded in triplicate on black 96-well plate (Corning) instead of clear 24-well plates 

to enable accurate fluorescence reading. After addition of bacteria, the plates were spun 

at 1200 rpm for 10 minutes to synchronize the infection before incubating at 37°C, 5% 

CO2 for 1 hour. Cells were then washed with 1x Hank’s Balanced Salt Solution (HBSS) 

supplemented with 5% HEPES before addition of 100 μL of CCF2-AM LiveBLAzerTM 

(Thermo Scientific) solution prepared according to manufacturer’s protocol. The cells 

were then incubated for 1 h and 45 minutes at room temperature in the dark. Prior to 

reading the assay in the ClarioStar® microplate reader, the CCF2-AM solution in each 

well was replaced with 100 μL 1x HBSS. The microplate reader was set to excite at 410 

nm and the fluorescence at 450 nm and 520 nm were measured. The background reading 

from no cell control at each wavelength was subtracted from the results. The triplicate 

mean ratio of 520 nm to 450 nm was then calculated. This ratio was then compared to the 

sample infected by WT L. pneumophila carrying empty pXDC61 to determine the level 

of RalF translocation.  

2.11 Cell viability assay 

THP1 macrophages were infected by WT or mutant L. pneumophila strains at MOI 10 as 

described in section 2.9. In this assay, THP1 macrophages were seeded in triplicate on 



42 
 

black 96-well plates to enable accurate measurement of fluorescence. At either 24 h or 48 

h post-infection, cells were washed with PBS and fixed with ice-cold methanol on ice for 

10 minutes. Cells were then stained by adding 100 μL of CellTag700 (Licor) diluted in 

PBS at 1:10,000, and incubated at room temperature in the dark while shaking at 200 rpm 

for 20 minutes. After staining, cells were subjected to three 5 min washes with PBS plus 

10% Tween-20 (PBST). Finally, 100 μL PBS was added to each well, and the 

fluorescence at 700 nm was measured using Odyssey Imaging System (Licor). The results 

for each sample was normalized by subtracting the background fluorescence obtained 

from no cell control from the reading results. Afterwards, the mean fluorescence of each 

triplicate was compared to the uninfected samples to obtain percentage of viable cells in 

each experiment.     

2.12 Immunofluorescence 

THP1 monocytes were differentiated by PMA addition as described in section 2.9 and 

seeded on coverslips in 24-well plates. Three days later, cells were infected at an MOI of 

10 by L. pneumophila strains carrying either empty pMMB207c_4xHA or 

pMMB207c_4xHA:legC4 grown overnight in ACES broth plus 6.25 μg/mL 

chloramphenicol and 10 mM IPTG. After the addition of bacteria, plates were spun at 

1200 rpm for 10 minutes to synchronise infection. At 6 hours post-infection, cells were 

washed with PBS and fixed with 4% paraformaldehyde (PFA) for 12 minutes on ice. 

After three washes with PBS, the aldehyde was quenched by the addition of 50 mM 

NH4Cl for 20 minutes at room temperature. Cells were then permeabilized by the addition 

of 0.2% Triton X-100 (Sigma-Aldrich) for three minutes at room temperature. After three 

washes with PBS, non-specific interaction was blocked by incubating the cells with 3% 

Bovine Serum Albumin (BSA, Sigma-Aldrich) in PBS. Cells were then incubated with 

1:200 mouse-anti-haemagglutinin (HA) epitope tag (BioLegend) and 1:1,000 rabbit-anti-

L. pneumophila (Meridian Bioscience) diluted in 3% BSA. After 1 h of incubation at 

room temperature in the dark, cells were subjected to three times five-minute washes with 

PBS and incubated with Alexa FluorTM 488-conjugated goat-anti-mouse (Thermo Fisher) 

and Alexa FluorTM 568-conjugated goat-anti rabbit (Thermo Fisher) secondary 

antibodies, both of which were diluted at 1:2,000 in 3% BSA, for 20 minutes at room 
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temperature in the dark. Following this, cells were incubated with 1:4,000 Hoechst 

(Sigma Aldrich) for 10 minutes at room temperature in the dark. Finally, cells were 

mounted onto microscope slides using ProLong Gold mounting medium (Life 

Technologies). Images were then obtained using Olympus FV1200 confocal microscope 

with 60x oil immersion objective and analysed using FIJI.        

2.13 Quantitative real time (QRT)-PCR 

THP1 monocytes were differentiated into macrophages by PMA addition and seeded on 

24-well plates as described in section 2.9. Cells were then infected at MOI 10 with 

L. pneumophila strains grown in ACES broth overnight. Plates were then spun at 1200 

rpm for 10 minutes to synchronise the infection and incubated at 37°C, 5% CO2. Two 

hours after infection, the media was replaced with RPMI containing 100 μg/mL 

gentamicin and incubated at 37°C, 5% CO2 for 1 h. After washing the gentamicin from 

the wells, RPMI plus FBS was added to the cells and incubated at 37°C, 5% CO2. At 6 h 

post-infection, RNA was extracted and DNase-treated using the ISOLATE II RNA Mini 

Kit (Bioline) according to manufacturer’s protocol. The RNA yield was then quantified 

using NanoDrop spectrophotometer. Following this, cDNA synthesis was performed 

using SuperScript II Reverse Transcriptase (Invitrogen) according to manufacturer’s 

protocol.  

cDNA was analysed using either non-quantitative or quantitative real time-PCR (QRT-

PCR). For non-quantitative PCR, cDNA was amplified using GoTaq Green Mastermix 

using either the Gapdh F/R primer set or Actb F/R primer set (Table 2.3, Table 2.4). The 

PCR product was then run on 3% (w/v) Ultrapure Agarose containing 0.01% (v/v) 

SybrSafe DNA stain in 1x TAE buffer. Gel was then visualized using the fluorescence 

mode of AI600 Gel Imager. QRT-PCR was performed in 10 μL reactions in triplicate 

using Power SYBR® Green Master Mix (Thermo Fisher) according to the manufacturer’s 

protocol. In each 10 μL reaction, 0.5 μM primers and 1 μL of cDNA were used. Primer 

pairs Gapdh F/R and Actb F/R (Table 2.3) were used. QRT-PCR was then performed 

using QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher). The relative mRNA 

level of GAPDH was measured and normalized to the level of housekeeping gene ACTB. 
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The relative expression of GAPDH mRNA in WT- or mutant-infected cells were then 

compared to uninfected samples. 

2.14 RNA sequencing 

Infection of THP1 macrophages with WT or mutant L. pneumophila strains were 

conducted as described in section 2.10.1. At 6 h post-infection, RNA was harvested and 

DNase-treated using ISOLATE II RNA Mini Kit (Bioline). RNA sequencing was then 

performed by AGRF. Here, RNA quality was then assessed using Agilent 2100 

Bioanalyzer (Agilent Technologies). Poly-A-tailed mRNA purification, cDNA synthesis, 

and library preparation were done using the TruSeq Stranded mRNA sample preparation 

kit (Illumina) as per manufacturer’s instructions. Following this, sequencing was 

performed using NovaSeq 6000 system (Illumina).  

Genome alignment and read counts generation were performed by Dr Dane Vassiliadis. 

The sequenced reads were aligned to the Homo sapiens genome (GRCh38.90) using 

Tophat2 v 2.1.1 and read counts were generated using featureCounts v 1.5.0. Principal 

component analysis (PCA) and differential expression analysis were performed using the 

R software package DeSeq2 (313). Volcano plots were created using Microsoft Excel. 

Genes that showed significant log2 fold change (LFC) of -1 < LFC < 1 were considered 

to be significantly upregulated or downregulated. Venn diagram was generated using 

Venny 2.1.0 to identify genes upregulated in all mutant-infected cells relative to WT-

infected cells (314). The PANTHER gene list analysis was used to group these genes 

based on the biological process (315). Additionally, GO analysis was performed using 

the Generic GO::Term Finder tool to identify enriched biological processes using a 

hypergeometric distribution that takes into account the bias in the sample population 

(316). P-value was adjusted using the Bonferroni correction. 

2.15 Animals and animal experiments 

2.15.1 Mice 
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All mice were bred and maintained under specific pathogen free condition either in the 

Animal Resource Centre (ARC) or Bio21 Molecular Science and Biotechnology Institute. 

All mice experiments were conducted at the Bio21 Molecular Science and Biotechnology 

Institute under ethics approved by the University of Melbourne Animal Ethics 

Committee.   

2.15.2 Intranasal infection and organ harvesting 

A-strain mice or C57BL/6 mice were infected intranasally with WT or mutant strains of 

L. pneumophila 130b at 2.5x106 cfu per animal as previously described (317). Bacterial 

inoculum was prepared at 5x107 cfu/mL in PBS. During infection, animals were put under 

isofluorane anasthesia. Mice were then handled by the scruff and 50 μL of the inoculum 

was administered via droplet into one nostril.   

After infection, animal body weights were monitored daily as prescribed by the ethics 

requirements. At either day 1 or day 3 post-infection, mice were euthanized via CO2 

inhalation in a Perspex container. The skin was then sterilized with 80% ethanol prior to 

dissection with forceps and scissors. For CFU counting, either the right lung or both lungs 

were harvested into 2.5 mL PBS as indicated in text. For flow cytometry analysis, the left 

lung was harvested into 3 mL FACS buffer (Table 2.4).   

2.15.3 Preparation of lungs for CFU counting 

Harvested lungs were homogenized using ULTRA-TURRAX® homogenizer (IKA). The 

homogenate was then permeabilized by adding 2.5 μL of 10% (w/v) saponin (Sigma-

Aldrich) to 250 μL homogenate followed by incubation at 37°C for 30 minutes. Samples 

were then serially diluted, spotted onto BCYE plates, and incubated at 37°C for 3 days to 

enumerate bacterial CFU. The leftover non-permeabilized samples were frozen at -80°C 

for future cytokine analysis.   

2.16 Flow cytometry 
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2.16.1 Preparation of cell suspension 

Lungs were minced finely using scissors, collected in 3.5 mL digestion buffer (Table 

2.4), and incubated at 37°C for 30 minutes with occasional mixing every 5 minutes. Cells 

were filtered using 70 μm cell strainers (Miltenyi Biotech). Strainers were then rinsed 

with FACS buffer. Cells were then pelleted at 600 rcf at 4°C. Finally, the cells were 

resuspended in 1 mL FACS buffer and stained with 1:1,000 APC-eFluor 780-conjugated 

viability dye (eBioscience, catalog 65-0865-14). 

2.16.2 Staining of phagocyte panel 

After staining with viability dye, cells were washed in FACS buffer, and incubated with 

primary antibodies from the phagocyte staining panel as described in Table 2.5 for 30 

minutes at 4°C. Red blood cells were then lysed using 1x BD FACS Lysing solution (BD 

Biosciences) for 7 minutes at room temperature. Cells were then fixed with 1x 

Fixation/Permeabilisation buffer (eBioscience) for 30 minutes at room temperature and 

permeabilised with 1x Permeabilisation buffer (eBioscience) to allow staining of 

intracellular L. pneumophila. After permeabilisation, cells were incubated with 1:1,000 

FITC-conjugated anti-L. pneumophila antibody (ViroStat, catalog 6053) diluted in 1x 

permeabilization buffer for 30 minutes at 4°C. After washing with the staining buffer, 

cells were stored in FACS buffer at 4°C in the dark. Prior to analysis with BD LSR 

Fortessa II, 2x105 APC-labelled beads were added to each sample to allow enumeration 

of cells.   

2.16.3 Staining of lymphocyte panel  

After staining with viability dye, cells were washed in FACS buffer, and incubated with 

primary antibodies from the lymphocyte staining panel as described in Table 2.6 for 30 

minutes at 4°C. Red blood cells were then lysed using 1x BD FACS Lysing solution (BD 

Biosciences) for 7 minutes at room temperature. Cells were then fixed with 2% PFA for 
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30 minutes. After washing off the PFA, cells were stored in FACS buffer and stored at 

4°C in the dark prior to analysis on BD LSR Fortessa II. 

2.17 Cytometric bead array (CBA) 

After murine infection, lung harvest, and lung homogenization as described in section 

2.15, lung homogenate was spun down at 10,000 rcf for 5 minutes to remove debris. The 

CBA Mouse Flex Set Kit (BD Biosciences) was used to quantify the concentration of 

pro-inflammatory cytokines as per manufacturer’s instructions. Analysis was then 

performed on BD LSR Fortessa II.  

2.18 Bioinformatics prediction and phylogenetic analysis 

The genome sequences of L. pneumophila 130b and Philadelphia-1 were obtained from 

NCBI. Mapping of effector-encoding and secretion system-encoding genes to the genome 

was done using Artemis (318). Annotated L. pneumophila 130b genome was then 

visualized using DNAPlotter (319). The NCBI BLAST+ suite v 2.9.0 was used to 

compare the homology of each gene in L. pneumophila strain 130b and L. pneumophila 

strain Philadelphia-1 (320). Bacterial genomes were viewed using Artemis, whereas 

visualization of the alignment of the genomic regions in L. pneumophila strain 130b to 

the L. pneumophila strain Philadelphia-1 was done using Artemis Comparison Tool 

(ACT) (318, 321).  

Domain prediction was performed through all databases available in the InterPro Scan 

web server (322). In addition, structural homology was predicted using HHPred, Phyre2 

(intensive mode), Robetta, RaptorX, and i-TASSER web servers (323-326). The presence 

of coiled-coil region was predicted using the Parcoil2 web server (327). To identify 

orthologs of lpw_04861 and legC4, protein BLAST (BLASTp) was performed. 

Sequences of orthologous genes were then retrieved from NCBI and aligned using 

MUSCLE (328). Finally, a maximum likelihood tree was constructed using MEGA v 

10.1.7. 
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2.19 Data analysis 

Analysis of flow cytometry data was done using BD FACSDivaTM or FlowJo v 10.0.7. 

Other data analyses were performed using GraphPad Prism 8 and Microsoft Excel. When 

required, statistical analysis was performed using either two-tailed unpaired t-test, Mann-

Whitney test, or one-way ANOVA as indicated in text.    
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Table 2.1. Bacterial strains used in this study 

Strains Characteristics Sources/References 

E. coli 

XL1-Blue 

supE44 hsdR17 recA1 endA1 

gyrA46 thi relA1 lac-  F’ 

[proAB+ lacIq lacZM15 Tn10 

(TetR )] 

Novagen 

E. coli 

PIR2 

F-∆lac169 rpoS(Am) robA1 

creC510  

hsdR514 endA recA1 

uidA(∆MluI)::pir 

Invitrogen 

L. pneumophila 130b 

(ATCC BAA-744) 
Clinical isolate (329) 

∆dotA 130b ∆dotA deletion mutant (330) 

∆A 130b ∆A deletion mutant This study 

∆B 130b ∆B deletion mutant This study 

∆C 130b ∆C deletion mutant This study 

∆D 130b ∆D deletion mutant This study 

∆E 130b ∆E deletion mutant This study 

∆F 130b ∆F deletion mutant This study 

∆G 130b ∆G deletion mutant This study 

∆H 130b ∆H deletion mutant This study 

∆I 130b ∆I deletion mutant This study 

∆FGHI 130b ∆FGHI deletion mutant This study 

∆DFGHI 130b ∆DFGHI deletion mutant This study 

∆lpw_04831 
130b ∆lpw_04831 deletion 

mutant 
This study 

∆lpw_04841 
130b ∆lpw_04841 deletion 

mutant 
This study 
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Strains Characteristics Sources/References 

∆lpw_04851 
130b ∆lpw_04851 deletion 

mutant 
This study 

∆lpw_04861 
130b ∆lpw_04861 deletion 

mutant 
This study 

∆E1 130b ∆E1 deletion mutant This study 

∆E2 130b ∆E2 deletion mutant This study 

∆E3 130b ∆E3 deletion mutant This study 

∆E4 130b ∆E4 deletion mutant This study 

∆E2-1 130b ∆E2-1 deletion mutant This study 

∆E2-2 130b ∆E2-2 deletion mutant This study 

∆E2-3 130b ∆E2-3 deletion mutant This study 

∆legC4 130b ∆legC4 deletion mutant This study 
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Table 2.2. Plasmids used in this study 

Plasmids Characteristics Sources/References 

pSR47s 
sacB based suicide vector for 

mutagenesis 
 (331) 

pSR47s:∆A 
Suicide vector to delete 

genomic region A 
This study 

pSR47s:∆B 
Suicide vector to delete 

genomic region B  
This study 

pSR47s:∆C 
Suicide vector to delete 

genomic region C  
This study 

pSR47s:∆D 
Suicide vector to delete 

genomic region D  
This study 

pSR47s:∆E 
Suicide vector to delete 

genomic region E  
This study 

pSR47s:∆F 
Suicide vector to delete 

genomic region F  
This study 

pSR47s:∆G 
Suicide vector to delete 

genomic region G  
This study 

pSR47s:∆H 
Suicide vector to delete 

genomic region H  
This study 

pSR47s:∆I 
Suicide vector to delete 

genomic region I  
This study 

pSR47s:∆lpw_04831 
Suicide vector to delete 

lpw_04831  
This study 

pSR47s:∆lpw_04841 
Suicide vector to delete 

lpw_04841  
This study 

pSR47s:∆lpw_04851 
Suicide vector to delete 

lpw_04851  
This study 

pSR47s:∆lpw_04861 
Suicide vector to delete 

lpw_04861  
This study 

pSR47s:∆E1 
Suicide vector to delete 

genomic region E1  
This study 

pSR47s:∆E2 
Suicide vector to delete 

genomic region E2  
This study 

pSR47s:∆E2-1 
Suicide vector to delete 

genomic region E2-1  
This study 

pSR47s:∆E2-2 
Suicide vector to delete 

genomic region E2-2  
This study 

pSR47s:∆E2-3 
Suicide vector to delete 

genomic region E2-3  
This study 
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Plasmids Characteristics Sources/References 

pSR47s:∆E3 
Suicide vector to delete 

genomic region E3  
This study 

pSR47s:∆E4 
Suicide vector to delete 

genomic region E4  
This study 

pSR47s:∆legC4 
Suicide vector to delete 

legC4  
This study 

pXDC61 
N-terminal TEM-1 β-

lactamase expression vector 
(250) 

pXDC61:ralF 130b ralF in pXDC61 (310) 

pMMB207c_4xHA 
N-terminal 4xHA expression 

vector 
(310) 

pMMB207c_4xHA:legC4 
130b legC4 in 

pMMB207c_4xHA 
This study 

pMMB207c:plegC4 130b legC4 plus promoter in 

pMMB207c 
This study 

 

 

 

  



53 
 

Table 2.3. Oligonucleotides used in this study 

Name Sequence (5’-3’) Purpose 

pSR47s F 
AGCTATGACCATGAT

TACGC 
F- sequence pSR47s 

pSR47s R 
GTGAACGGCAGGTAT

ATGT 
R- sequence pSR47s 

pMMB207c 

F 

TTGACAATTAATCATC

GGC 
F- sequence pMMB207c-HAx4 

pMMB207c 

R 

AGGCAAATTCTGTTTT

ATC 
R- sequence pMMB207c-HAx4 

A5 F 
GGACTAGTCGACACT

CAAACCTCCACCC 

F- amplify 5' flanking region of genomic 

region A. Contains SpeI site. 

A5 R 
AATAGAAGCCCCTTA

CCTCACAA 

R- amplify 5' flanking region of genomic 

region A 

A3 F 

TTTTGTGAGGTAAGG

GGCTTCTATTAAATGC

CCCGCTTTCTGA 

F- amplify 3' flanking region of genomic 

region A 

A3 R 

TTGCGGCCGCTTTTAT

CGGTGCTGTAATCTTG

G 

R- amplify 3' flanking region of genomic 

region A. Contains NotI site. 

Aupstream 
AAATCTGACCAATAG

CCCAAGC 
F- confirm the deletion of genomic region A 

Adownstream  
TTTGACGAAAAGGGA

AACTGG 
R- confirm the deletion of genomic region A 

B5 F 

CGAATTCCTGCAGCC

CGGGGGATCCTGTCG

GTTTCATTCAAATCCT

C 

F- amplify 5' flanking region of genomic 

region B. Contains BamHI site. 

B5 R 
TTCACCATATCCTGGC

TCCAC 

R- amplify 5' flanking region of genomic 

region B 

B3 F 

TGAGGTGGAGCCAGG

ATATGGTGAATGGTA

ATGACTCGCTCTGGG 

F- amplify 3' flanking region of genomic 

region B 

B3 R 

CTAAAGGGAACAAAA

GCTGGAGCTCCATGC

TTTAGTTGCATAGGTT

GTAT 

R- amplify 3' flanking region of genomic 

region B. Contains SacI site. 

B seq 
GAAGTTGGTATGCGG

GGTGC 
Sequence pSR47s-ΔB 
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Name Sequence (5’-3’) Purpose 

Bupstream 
CTCGGTCAATATCGCT

CATAGG 
F- confirm the deletion of genomic region B 

Bdownstream  
CATCGCCCTTGTATCG

TTTG 
R- confirm the deletion of genomic region B 

C5 F 
TTGCGGCCGCTGCTCG

CAGCGCATCA 

F- amplify 5' flanking region of genomic 

region C. Contains NotI site. 

C5 R 
TCCTCGCAAAACCAC

CCA 

R- amplify 5' flanking region of genomic 

region C 

C3 F 

TATGCATTGGGTGGTT

TTGCGAGGAGTGAAA

ACAATAATTGCTTGA

AACC 

F- amplify 3' flanking region of genomic 

region C 

C3 R 
CGGAGCTCTCCCAGA

TAATAGCCGAGTGC 

R- amplify 3' flanking region of genomic 

region C. Contains SacI site. 

C seq TTGCGGAACGAACCA Sequence pSR47s-ΔC 

Cupstream 
GTGTCAGGACGGCAT

AGGG 
F- confirm the deletion of genomic region C 

Cdownstream  
TCATCGCCTGCTTATG

CTTG 
R- confirm the deletion of genomic region C 

D5 F 
CGGGATCCCTGCTTTA

GCGGGGAACC 

F- amplify 5' flanking region of genomic 

region D. Contains BamHI site. 

D5 R 
AGAATGTGATAGGAC

GGTAGAAAAT 

R- amplify 5' flanking region of genomic 

region D 

D3 F 

ATTTTCTACCGTCCTA

TCACATTCTAACAAG

CGATTCGACTGATAA

AA 

F- amplify 3' flanking region of genomic 

region D 

D3 R 

TTGCGGCCGCCTGAA

GAGGTAGATGCTGGT

CC 

R- amplify 3' flanking region of genomic 

region D. Contains NotI site. 

D seq 
CAGCCATGTTGGGTG

AC 
Sequence pSR47s-ΔD 

Dupstream 
CTGCTTTAGCGGGGA

ACC 
F- confirm the deletion of genomic region D 

Ddownstream  
TGCGTGCCTTATGATT

CGTT 
R- confirm the deletion of genomic region D 
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Name Sequence (5’-3’) Purpose 

E5 F 
GAGGGATCCGACCCT

GTTGGCAGCTATC 

F- amplify 5' flanking region of genomic 

region E. Contains BamHI site. 

E5 R 
TATCCCTACCTCTTGT

GGAG 

R- amplify 5' flanking region of genomic 

region E 

E3 F 

CTCCACAAGAGGTAG

GGATAATGGCAGACA

AATGTTAAGGAA 

F- amplify 3' flanking region of genomic 

region E 

E3 R 
AGCGGCCGCCGGTTG

GAGTAGTTTGGACA 

R- amplify 3' flanking region of genomic 

region E. Contains NotI site. 

E seq 
AGCGGGTCCATATAA

AATAGC 
Sequence pSR47s-ΔE 

Eupstream 
GAACACGCGCTTGTA

AGAAAA 
F- confirm the deletion of genomic region E 

Edownstream  
AAATTGCAAAGATAA

GATTGTACT 
R- confirm the deletion of genomic region E 

F5 F 

CGAATTCCTGCAGCC

CGGGGGATCCCAGTT

TGCGGCCTCCACT 

F- amplify 5' flanking region of genomic 

region F. Contains BamHI site. 

F5 R 
AGCAGCCTGTCGTCT

ATTATTTTAC 

R- amplify 5' flanking region of genomic 

region F 

F3 F 

GTAAAATAATAGACG

ACAGGCTGCTTTGGC

GGAAGTTGATGTCG 

F- amplify 3' flanking region of genomic 

region F 

F3 R 

CTAAAGGGAACAAAA

GCTGGAGCTCTGGCTT

TCTCCACCAGGCT 

R- amplify 3' flanking region of genomic 

region F. Contains SacI site. 

F seq 
CAAGGTCGAGGCAGA

AAATG 
Sequence pSR47s-ΔF 

Fupstream 
ATACGCCCTGATATG

GGAAAT 
F- confirm the deletion of genomic region F 

Fdownstream  
GGCAAGAATAGTTCC

TGTGCC 
R- confirm the deletion of genomic region F 

G5 F 
CGGCGGCCGCCCCTG

GCAATGTCACCTACC 

F- amplify 5' flanking region of genomic 

region G. Contains NotI site. 

G5 R 
TACCTCCTGATTGTGG

TTTTGTTT 

R- amplify 5' flanking region of genomic 

region G 
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Name Sequence (5’-3’) Purpose 

G3 F 

AAAACAAAACCACAA

TCAGGAGGTAATCCA

CTTCCCTATGTCATGA

TTT 

F- amplify 3' flanking region of genomic 

region G 

G3 R 
CGCGAGCTCGGCGTA

AGGAAACGACAGG 

R- amplify 3' flanking region of genomic 

region G. Contains SacI site. 

G seq 
TTGAAGTCACATTTGC

ATATCC 
Sequence pSR47s- ΔG 

Gupstream 
TATCGATGAAAAGCA

CAGGAG 
F- confirm the deletion of genomic region G 

Gdownstream  
AATTCCATCCATTTTG

GCGATA 
R- confirm the deletion of genomic region G 

H5 F 
CGGGATCCGGAAAAG

GAGCATCAAAACAGT 

F- amplify 5' flanking region of genomic 

region H. Contains BamHI site. 

H5 R 
ATTAAGGAAAACCGA

GGCAAA 

R- amplify 5' flanking region of genomic 

region H 

H3 F 

ATTTTTTGCCTCGGTT

TTCCTTAATTAACAAC

TGCCCTCATTGCTTT 

F- amplify 3' flanking region of genomic 

region H 

H3 R 
CGGCGGCCGCCCATA

GGTGCTTGCGCTACA 

R- amplify 3' flanking region of genomic 

region H. Contains NotI site. 

H seq 
GCATGCCATCAAAAT

CCAATT 
Sequence pSR47s-ΔH 

Hupstream 
GAGCTATATTTGCCCT

TGGTA 
F- confirm the deletion of genomic region H 

Hdownstream  
ATCAGACTTGGTTGA

AATTGTG 
R- confirm the deletion of genomic region H 

I5 F 
CGGGATCCAATGATT

GTCACTTGCGATGG 

F- amplify 5' flanking region of genomic 

region I. Contains BamHI site. 

I5 R 
CGATTTGAGAATTATT

TGAGGAGC 

R- amplify 5' flanking region of genomic 

region I 

I3 F 

AGCTCCTCAAATAATT

CTCAAATCGTATTGCT

TTTCCTCCTTGGTTT 

F- amplify 3' flanking region of genomic 

region I 

I3 R 
CGGCGGCCGCTCTTG

CTGCTTTGGCTGTATC 

R- amplify 3' flanking region of genomic 

region I. Contains NotI site. 
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Name Sequence (5’-3’) Purpose 

I seq 
TATCACGAAATGAGC

AGACC 
Sequence pSR47s-ΔI 

Iupstream 
AAAGAATAATTGGTT

CGGCGA 
F- confirm the deletion of genomic region I 

Idownstream  
ATTTCTCGCTCTCATT

TGCAA 
R- confirm the deletion of genomic region I 

31-5 F 
CGCGGATCCAGCAGG

CGGTTGGGTTT 

F- amplify 5' flanking region of lpw4831. 

Contains BamHI site. 

31-5 R 
CCATAGTAAAGATCG

CTCTATTGGT 
R- amplify 5' flanking region of lpw4831 

31-3 F 

ACCAATAGAGCGATC

TTTACTATGGGTAAGC

CTGACTTGTTTGGAGG 

F- amplify 3' flanking region of lpw4831 

31-3 R 

CGCGAGCTCGGGATC

TTGAGCAATACAGAT

TTT 

R- amplify 3' flanking region of lpw4831. 

Contains SacI site. 

31upstream 
TTTATCGGTTGCTCAT

TAGGGT 
F- confirm the deletion of lpw4831 

31downstream  
CGGGACGAGAACTCA

AAGTAAG 
R- confirm the deletion of lpw4831 

41-5 F 
CGCGGATCCTTGGCTT

TATGGTAGGCTTCG 

F- amplify 5' flanking region of lpw4841. 

Contains BamHI site. 

41-5 R 
CAAACAAGTCAGGCT

TACTGCTCT 
R- amplify 5' flanking region of lpw4841 

41-3 F 

TAGAGCAGTAAGCCT

GACTTGTTTGTCGGAC

CTGTACTGAAATGAA

AA 

F- amplify 3' flanking region of lpw4841 

41-3 R 
CGCGAGCTCCCCGCA

ACAAACGATAGAATC 

R- amplify 3' flanking region of lpw4841. 

Contains SacI site. 

41upstream 
AGCCCTGCGAAAGTG

GTTG 
F- confirm the deletion of lpw4841 

41downstream  
AAATGACAATATGAT

GGCGGTTA 
R- confirm the deletion of lpw4841 

51-5 F 
CGCGGATCCAAGACA

GCAAGGGGAGAACG 

F- amplify 5' flanking region of lpw4851. 

Contains BamHI site. 

51-5 R 
CAGGTCCGATGCGAA

AACA 
R- amplify 5' flanking region of lpw4851 
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Name Sequence (5’-3’) Purpose 

51-3 F 

CATATGATGTTTTCGC

ATCGGACCTGCAGGT

TAAGTTTAATAACCCC

AGTT 

F- amplify 3' flanking region of lpw4851 

51-3 R 
CGCGAGCTCCGATTTC

AGGATATTGCTCGA 

R- amplify 3' flanking region of lpw4851. 

Contains SacI site. 

51upstream 
TGACTGTGAATACCG

ATTTTGTTT 
F- confirm the deletion of lpw4851 

51downstream  
GCCAACGCCATAGCG

ATTA 
R- confirm the deletion of lpw4851 

61-5 F 
GGACTAGTTTCTCGG

AGGGCTTGGTG 

F- amplify 5' flanking region of lpw4861. 

Contains SpeI site. 

61-5 R 
CTGGGGTTATTAAACT

TAACCTGTC 
R- amplify 5' flanking region of lpw4861 

61-3 F 

GACAGGTTAAGTTTA

ATAACCCCAGGCCTG

GACAATTCAAGATAA

CG 

F- amplify 3' flanking region of lpw4861 

61-3 R 
CGCGAGCTCCAAAGC

AAAGTTGGCAGAGC 

R- amplify 3' flanking region of lpw4861. 

Contains SacI site. 

61upstream 
CATTGGTTTGGGTGCT

GTTT 
F- confirm the deletion of lpw4861 

61downstream  
TTTCTCAAGTGGCTTT

ATTAGGG 
R- confirm the deletion of lpw4861 

 E1-5 F 

TCCTGCAGCCCGGGG

GATCCCGCAAATTAT

CAGCATCTACC  

F- amplify 5' flanking region of region E1. 

Contains BamHI site. 

E1-5 R 
GTCAACACTGTGCCCT

ATCCCTACCTC  
R- amplify 5' flanking region of region E1 

E1-3 F 
AGGGCACAGTGTTGA

CAATTGGCTCC  
F- amplify 3' flanking region of region E1 

E1-3 R 

CTCCACCGCGGTGGC

GGCCGCCGCCAGAGA

ATGAGAATTG  

R- amplify 3' flanking region of region E1. 

Contains NotI site. 

E1upstream 

TCTTTTCCGAGCATTG

ACGC 
F- confirm the deletion of region E1 

E1downstream 

ACCTGCGCATTTTGTT

GTCT 
R- confirm the deletion of region E1 
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Name Sequence (5’-3’) Purpose 

E2-5 F 

TCCTGCAGCCCGGGG

GATCCTCACTCTTGCA

TTCAACG  

F- amplify 5' flanking region of region E2. 

Contains BamHI site. 

E2-5 R 
CCGCAGTTTGGGAGC

CAATTGTCAAC  
R- amplify 5' flanking region of region E2 

E2-3 F 
GGCTCCCAAACTGCG

GCCGGATCTTATTG  
F- amplify 3' flanking region of region E2 

E2-3 R 

CTCCACCGCGGTGGC

GGCCGCTGCTTGGGG

ATTCTGGGTTAATAAC  

R- amplify 3' flanking region of region E2. 

Contains NotI site. 

E2upstream 

ACCTGCGCATTTTGTT

GTCT 
F- confirm the deletion of region E2 

E2downstream 

TAGTGGTGCCTATTCC

CAGC 
R- confirm the deletion of region E2 

E3-5 F 

TCCTGCAGCCCGGGG

GATCCGTCTGGATGG

CTGGAAAAC  

F- amplify 5' flanking region of region E3. 

Contains BamHI site. 

E3-5 R 

CTTCCCCAAGATCCG

GCCGCAGTTTTATAA

AAAAC  

R- amplify 5' flanking region of region E3 

E3-3 F 

CCGGATCTTGGGGAA

GACTTCGAATACATT

G  

F- amplify 3' flanking region of region E3 

E3-3 R 

CTCCACCGCGGTGGC

GGCCGCGGTACGTCG

CCATGTCAATTG  

R- amplify 3' flanking region of region E3. 

Contains NotI site. 

E3upstream 

TGCATTCCAGAAACA

GGTCT 
F- confirm the deletion of region E3 

E3downstream 

TGATAATGGATGCTG

GCAGTT 
R- confirm the deletion of region E3 

E4-5 F 

TCCTGCAGCCCGGGG

GATCCGCTTTCCACGT

TCACTTG  

F- amplify 5' flanking region of region E4. 

Contains BamHI site. 

E4-5 R 
TCTGCATCTGAGGTAT

AAGAGGGCAG  
R- amplify 5' flanking region of region E4 

E4-3 F 

TATACCTCAGATGCA

GAAGAAATTTACTCC

CC  

F- amplify 3' flanking region of region E4 

E4-3 R 

CTCCACCGCGGTGGC

GGCCGCGCTGCCTTG

GTCGAGAAAG  

R- amplify 3' flanking region of region E4. 

Contains NotI site. 
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Name Sequence (5’-3’) Purpose 

E4upstream 

AGCGCCAATTGTCCTT

CTTC 
F- confirm the deletion of region E4 

E4downstream 

CATCATTACGGGGTT

GCAGG 
R- confirm the deletion of region E4 

E2-1-5 F 

TCCTGCAGCCCGGGG

GATCCTCACTCTTGCA

TTCAACG  

F- amplify 5' flanking region of region E2-1. 

Contains BamHI site. 

E2-1-5 R 
GGAGCTCTTGGGAGC

CAATTGTCAAC  
R- amplify 5' flanking region of region E2-1 

E2-1-3 F 
GGCTCCCAAGAGCTC

CCGGTTTTGATG  
F- amplify 3' flanking region of region E2-1 

E2-1-3 R 

CTCCACCGCGGTGGC

GGCCGCCAGACGTAT

TGCTGCACC  

R- amplify 3' flanking region of region E2-

1. Contains NotI site. 

E2-1upstream 

TGACCGTGGATGGAC

TCAAA 
F- confirm the deletion of region E2-1 

E2-1downstream 

GTGGGGTGGTATGAC

AAAGC 
R- confirm the deletion of region E2-1 

E2-2-5 F 

TCCTGCAGCCCGGGG

GATCCGCCCAAGTAC

GCAATGTC  

F- amplify 5' flanking region of region E2-2. 

Contains BamHI site. 

E2-2-5 R 

TTGCACCACACAGGA

TCAAAACCGGGAGCT

CTC  

R- amplify 5' flanking region of region E2-2 

E2-2-3 F 
GGTTTTGATCCTGTGT

GGTGCAAACTC  
F- amplify 3' flanking region of region E2-2 

E2-2-3 R 

CTCCACCGCGGTGGC

GGCCGCTCCTGTCGA

CTCGGTTTG  

R- amplify 3' flanking region of region E2-

2. Contains NotI site. 

E2-2upstream 

CCTTGGGTGGTTTCCG

ACTT 
F- confirm the deletion of region E2-2 

E2-2downstream 

TACATCAATGAGCCC

TGCGA 
R- confirm the deletion of region E2-2 

E2-3-5 F 

TCCTGCAGCCCGGGG

GATCCGCCACGGAAA

TCACTTGAG  

F- amplify 5' flanking region of region E2-3. 

Contains BamHI site. 

E2-3-5 R 
ATCAAGCTTACACAG

GGCTATACTTAGGGC  
R- amplify 5' flanking region of region E2-3 

E2-3-3 F 
CCCTGTGTAAGCTTGA

TCTGGCCAATGC  
F- amplify 3' flanking region of region E2-3 
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Name Sequence (5’-3’) Purpose 

E2-3-3 R 

CTCCACCGCGGTGGC

GGCCGCTGCTTGGGG

ATTCTGGGTTAATAAC  

R- amplify 3' flanking region of region E2C. 

Contains NotI site. 

E2-3upstream 

GCCGCGCAACCATTA

TTTTC 
F- confirm the deletion of region E2-3 

E2-3downstream 

GGCCATTTTGAGTAC

GCGAT 
R- confirm the deletion of region E2-3 

Leg-5 F 

TCCTGCAGCCCGGGG

GATCCACCCGGATAT

AACCACCAC  

F- amplify 5' flanking region of legC4. 

Contains BamHI site. 

Leg-5 R 
TTACAGGCTTCTGACA

AGCGAAATACAATG  
R- amplify 5' flanking region of legC4 

Leg-3 F 
TTGTCAGAAGCCTGT

AAGTACTGCATCG  
F- amplify 3' flanking region of legC4 

Leg-3 R 

CTCCACCGCGGTGGC

GGCCGCCCTCAAGTG

ATTTCCGTG  

R- amplify 3' flanking region of legC4. 

Contains NotI site. 

Legupstream 

AACGCTTACTGTTCCC

GGTA 
F- confirm the deletion of legC4 

Legdownstream 

GCGTGCTTCCCAGTTC

AAAA 
R- confirm the deletion of legC4 

LegHA F 

GCGCGGGTACCCGGG

GATCCAAACCCAATT

TGTTTTACTTTG  

F- amplify legC4 to clone into 

pMMB207c_4xHA. Contains BamHI site. 

LegHA R 

GCCAAAACAGCCAAG

CTTATCTAGATTATAG

CTTCATACCAAAAGA

TTC  

R- amplify legC4 to clone into 

pMMB207c_4xHA. Contains XbaI site. 

pLegC4 F 
CGGGGATCCCCCGAA

AAGCCACTTATCCA 

F- amplify legC4 and promoter region. 

Contains BamHI site. 

pLegC4 R 
TTATCTAGATGTCAGA

ACACTAGTATGCCAT 

R- amplify legC4 and promoter region. 

Contains XbaI site. 

Gapdh-F 
ACAACTTTGGTATCGT

GGAAGG 
F-QRT-PCR primer for GAPDH 

Gapdh-R 
GCCATCACGCCACAG

TTTC 
R-QRT-PCR primer for GAPDH 

Actb-F 
GCGAGAAGATGACCC

AGATC 
F-QRT-PCR primer for β-actin 

Actb-R 
CCAGTGGTACGGCCA

GAGG 
R-QRT-PCR primer for β-actin 
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Table 2.4. Thermocycler reactions used in this study 

Name Reaction Setup Thermocycler Setup 

Pfu Ultra II 100 ng gDNA 

1 mM dNTP mix 

0.2 μM each primer 

1 μL DMSO 

5 μL Pfu Ultra II buffer 

1 μL Pfu Ultra II polymerase 

Nuclease-free dH2O to 50 μL 

95°C, 2 mins initial denaturation 

Start cycle 30x 

95°C, 20s denaturation 

50-55°C, 20s annealing 

72°C, 15s/kb elongation 

End cycle 

72°C, 3 mins final elongation  

Phusion-HF 100 ng gDNA 

1 mM dNTP mix 

0.5 μM each primer 

1.5 μL DMSO 

10 μL Phusion-HF buffer 

0.5 μL Phusion-HF 

polymerase 

Nuclease-free dH2O to 50 μL 

98°C, 30s initial denaturation 

Start cycle 35x 

98°C, 10s denaturation 

Tann*, 30s annealing 

72°C, 30s/kb elongation 

End cycle 

72°C, 10 minutes final elongation 

Phusion-HF 

Overlap step 1 

50 ng 5’ flank 

50 ng 3’ flank 

1 mM dNTP mix 

0.5 μM each primer 

1.5 μL DMSO 

10 μL Phusion-HF buffer 

0.5 μL Phusion-HF 

polymerase 

Nuclease-free dH2O to 50 μL 

98°C, 1 min initial denaturation 

Start cycle 10x 

98°C, 10s denaturation 

Tann*, 30s annealing 

72°C, 30s elongation 

End cycle 

Phusion-HF 

Overlap step 2 

50 μL step 1 product 

1 mM dNTP mix 

0.5 μM each primer 

1.5 μL DMSO 

10 μL Phusion-HF buffer 

0.5 μL Phusion-HF 

polymerase 

Nuclease-free dH2O to 50 μL 

98°C, 1 min initial denaturation 

Start cycle 35x 

98°C, 10s denaturation 

Tann*, 20s annealing 

72°C, 30s/kb elongation 

End cycle 

72°C, 5 mins final elongation 

GoTaq Green 

Colony PCR 

10 μL GoTaq Green 

Mastermix 

0.2 μM each primer 

Nuclease-free dH2O to 20 μL 

95°C, 2 mins initial denaturation 

Start cycle 35x 

95°C, 30s denaturation 

55°C, 30s annealing 

72°C, 1 min/kb elongation 

End cycle 

72°C, 5 mins final elongation 

GoTaq Green 

RT-PCR 

10 μL GoTaq Green 

Mastermix 

94°C, 3 mins initial denaturation 

Start cycle 35x 
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Name Reaction Setup Thermocycler Setup 

0.2 μM each primer 

0.5 μL cDNA 

Nuclease-free dH2O to 20 μL 

94°C, 30s denaturation 

58°C, 30s annealing 

72°C, 30s elongation 

End cycle 

72°C, 3 mins final elongation 

BigDye 

Terminator 

1 μL BigDye 

4 μL 5x BigDye buffer 

0.1 μM each primer 

400 ng DNA 

Nuclease-free dH2O to 20 μL 

98°C, 1 min initial denaturation 

Start cycle 25x 

96°C, 10s denaturation 

50°C, 5s annealing 

60°C, 4 mins elongation 

End cycle 

* Annealing temperature for Phusion-HF was determined using NEB Tm Calculator 

based on the template-annealing portion of primers 
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Table 2.5. Buffers used in this study 

Buffer Composition 

1xTAE 
40 mM Tris, 1 mM EDTA disodium salt, 0.114% glacial acetic 

acid (v/v), pH 8.3 

1xTBS 50mM Tris-HCl pH 7.5, 150mM NaCl 

TBST 50mM Tris-HCl pH 7.5, 150mM NaCl, 0.1% Tween-20 

Transformation 

Buffer 
10 mM PIPES, 15 mM CaCl2.2H2O, 250 mM KCl 

FACS buffer 0.1% BSA, 2 mM EDTA in PBS 

Lung digestion 

buffer 
3% FCS, 1 mg/mL DNase-I, 1 mg/mL Collagenase-III in RPMI 
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Table 2.6. Antibodies for phagocyte staining panel 

Antigen Clone Fluorochrome Company Reference 

Ly6G 1A8 PerCP-Cy5.5 
BD 

Pharmingen 
560602 

CD11c HL3 PE-CF594 
BD 

Biosciences 
562454 

FcεR1 MAR-1 PE-Cy7 eBioscience 25-5898-82 

Siglec-F E50-2440 BV421 
BD 

Biosciences 
562681 

CD45 30-F11 V500 
BD 

Pharmingen 
561487 

Ly6C AL-21 BV605 
BD 

Biosciences 
563011 

CD11b M1/70 BV711 BioLegend 101242 

CD64 X54-5/7.1 
AlexaFluor® 

647 

BD 

Biosciences 
558539 

MHC-II M5/114.15.2 
AlexaFluor® 

700 
BioLegend 107622 
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Table 2.7. Antibodies for lymphocyte staining panel 

Antigen Clone Fluorochrome Company Reference 

CD3ε 
145-

2C11 
PerCP-Cy5.5 BioLegend 100328 

TCRγδ GL3 PE BD Pharmingen 553178 

CD4 RM4-5 eFluor 450 eBioscience 48-0042-82 

CD45 30-F11 V500 BD Pharmingen 561487 

CD8α 53-6.7 BV711 BD Biosciences 563046 

NK1.1 PK136 APC BD Pharmingen 550627 
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Chapter 3  

Identification of L. pneumophila 130b genes important for in vitro infection 

 

3.1 Introduction 

The Dot/Icm T4SS effectors play crucial roles throughout L. pneumophila intracellular 

replication. In addition, these effectors may also mediate novel modifications that further 

our understanding of host cell biology. However, to date, the majority of Dot/Icm T4SS 

effectors remain uncharacterised. The first challenge in studying the Dot/Icm T4SS 

effectors is the large effector repertoire. As there are over 330 predicted effectors of the 

Dot/Icm T4SS, this makes it difficult to identify effectors important for a particular 

phenotype. For instance, while it is known that L. pneumophila recruits PI(4)P-rich 

vesicles to the LCV, it is not known which effectors are responsible for the phenotype 

(111). The second challenge is the presence of functional redundancy among effectors, 

where the genetic deletion of one effector typically does not result in a significant 

replication defect. Thus far, only the single deletion of MavN, SdhA, RavY, and 

Lpg2505/MesI has led to a significant reduction in bacterial replication (332-334). 

Furthermore, as discussed in section 1.9, multiple Dot/Icm T4SS effectors target the same 

pathways, thus confirming the presence of functional redundancy. Finally, two or more 

effectors may display meta-effector relationships, where they regulate or act 

antagonistically against each other. For instance, the effector protein LubX mediates the 

degradation of SidH by ubiquitination, and subsequently degradation through the host 

proteasome (335). Another effector, MesI, binds to the effector SidI to reduce the host 

translation inhibition activity of SidI (336). Together, these challenges have complicated 

the characterisation of Dot/Icm effector functions.  

Screening to identify effectors that contribute to a certain phenotype has previously been 

done through transfection of a library of tagged single effectors into the human epithelial 

cell line HEK293T cells (293, 305), perhaps due to the difficulty of achieving efficient 

transfection in macrophages. However, a limitation of this method is the discrepancy 

between epithelial, especially HEK293T cells, and macrophages cell lines. Secondly, 

synergistic or antagonistic effectors may not be identified by this method.  
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The advent of the high-throughput transposon sequencing (TnSeq), also known as 

insertion sequencing (INSeq) technology has been very powerful in tackling the large 

effector repertoire of L. pneumophila to provide answers to these questions. In this 

technique, a large library of mutants was used to infect host cells. Following this, the 

bacteria were recovered and the insertion sequences sequenced to determine the relative 

abundance of each mutant (337). Shames et al (334) utilised this technique to investigate 

which effector proteins are important for L. pneumophila strain Philadelphia-1 replication 

in both mammalian cells and the mouse lungs. After performing the transposon 

mutagenesis using a modified Mariner transposon to allow the insertion of a unique 

sequence, mutants with disruption in Dot/Icm effector-encoding genes, in addition to 

several control genes, were specifically selected and tested for replication in vivo. Using 

this technique, Dot/Icm effector proteins that contributed to infection in the mouse model 

were identified (334). While this method is very powerful, the number of mutants 

generated is enormous, thus, to investigate one phenotype, a high throughput screen is 

required. Further, the use of TnSeq/INSeq technology only results in the deletion of single 

genes, therefore, in the case of functional redundancy, where two or more gene products 

may execute the same function or act on the same pathway, this phenotype will not be 

identified. 

In order to combat the challenge of functional redundancy, a novel screen which 

combined transposon-based mutagenesis with the RNA interference (iMAD screen) had 

been developed. In this study, RNAi was used to silence five GTPases known to be 

involved in cellular trafficking process in Drosophila. A L. pneumophila strain 

Philadelphia-1 transposon mutant library was then used to infect Drosophila cells. Using 

this method, the researchers were able to identify groups of effector proteins that cause a 

defect in replication when one or more GTPase was silenced. Combinatorial deletion of 

complementary groups of effector proteins then allowed the discovery of effector protein 

pairs that may be functionally redundant for infection in Drosophila cells (280). While 

this is an excellent method to unravel the complexity of Dot/Icm effector proteins 

function, it may be difficult to apply the RNAi technology in hosts with low genetic 

tractability, such as one of the natural hosts of L. pneumophila, A. castellanii.  
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In another study, using a transposon-site hybridisation (TraSH) screen, O’Connor et al 

(338) discovered seven regions in the L. pneumophila Philadelphia-1 genome that are 

devoid of genes important for bacterial viability but are enriched for Dot/Icm T4SS 

effectors. Following this, they also reported that the deletion of up to 31% of the bacterial 

genome is dispensable for both bacterial viability and replication in mammalian 

macrophages, but not in protozoan hosts. This study demonstrated the robustness and 

versatility of the L. pneumophila genome, as the loss of large genomic regions did not 

compromise bacterial viability, thus opening up the potential for making effector-less 

mutants, where regions enriched with Dot/Icm effectors are progressively deleted to yield 

a library of mutants with overlapping, cumulative deletions. Such mutants are then useful 

to identify Dot/Icm effector genes important for replication, as well as to investigate more 

specific questions, such as how Dot/Icm effectors influence host immunity, autophagy, 

translation inhibition, LCV formation, and so on.  

In this study, we aimed to progressively delete regions of the L. pneumophila 130b 

genome enriched in effector proteins to hopefully uncover genes with novel functions. 

We mapped 34 large genomic regions and deleted 9 regions using a suicide vector 

approach to enable marker-less gene deletion. The deletion of these regions did not result 

in a significant defect in either bacterial growth rate or Dot/Icm T4SS functionality, thus 

ensuring that the phenotypes shown in the subsequent assays were the result of host-

pathogen interactions and not just an artifact due to reduced mutants growth rate or a non-

functional T4SS. While the mutants did not show a significant replication defect in THP1 

macrophages, five out of nine mutants showed a severe replication defect in the protozoan 

host A. castellanii, thereby demonstrating the difference in requirements to infect and 

survive in different hosts. 

3.2 Results 

3.2.1 Towards an effector-less mutant library in L. pneumophila 130b 

Several systematic genetic studies of Dot/Icm effectors in L. pneumophila have 

previously been done in the Philadelphia-1 strain (280, 334, 338). Due to the diversity of 

L. pneumophila strains, especially in the Dot/Icm effector repertoire, it is important to 

perform these studies in other strains. In this study, L. pneumophila strain 130b, a 
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prototype strain with different effector repertoire was used as it is a useful comparison to 

generalize about L. pneumophila virulence. 

The clinical isolate L. pneumophila 130b strain has previously been sequenced. While 

this strain is not well-annotated, it displays a high degree of conservation to the 

Philadelphia-1 strain (69). As such, a comparison of the L. pneumophila 130b and the 

better-annotated Philadelphia-1 strain was performed using whole-genome BLASTp and 

BLASTn methods to better annotate the 130b genome. 

Since the Dot/Icm T4SS is a major virulence factor during L. pneumophila infection, to 

target the effector proteins from this T4SS in our mutant library, a list of putative Dot/Icm 

effector-encoding genes identified in silico in L. pneumophila 130b was obtained from 

the literature and mapped onto the genome (69, 339, 340). Other secretion systems of 

L. pneumophila can also play a role during bacterial replication. As such, genes that 

encode for all secretion systems in L. pneumophila 130b strain were obtained from 

Schroeder et al (69) and mapped onto the genome.  

After mapping the positions of effector-encoding genes, we observed that they were well-

interspersed in the genome and did not naturally form clusters (Figure 3.1). Random 

allocation of the genes into large regions may have led to the deletion of either non-

effector-encoding genes or secretion system components, which would confound the 

study’s results. Therefore, customised grouping of these genes was required. To this end, 

effector-encoding genes were grouped based on their proximity. During this process, we 

strived to maximise the number of effector-encoding genes, and minimise the number of 

non-effector genes, in particular those that may be important for bacterial viability, such 

as metabolic genes and replication-related genes. When a potentially essential gene was 

located in close proximity to several effectors, the number of copies of this gene was 

checked by BLAST search against the 130b genome. Only in cases where multiple copies 

of the gene were present, was the gene included in the regions to be deleted.  As all 

secretion systems of L. pneumophila play a role during the bacterial lifecycle, the genes 

that encode for the components of all secretion systems were excluded from the regions. 

Using this approach, the L. pneumophila 130b genome was divided into 34 regions, 

covering 229 effector protein-encoding genes collectively (Table 3.1, Figure 3.1).  

3.2.2 Generation of marker-less deletion mutants 
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A suicide vector approach that does not leave a scar in the chromosome was chosen to 

delete the large genomic regions (341). Further, this approach has been used effectively 

to delete genes in L. pneumophila (338, 342). To enable homologous recombination at 

the targeted genomic regions, 2.5-3.5 kbp of sequences flanking the genomic region were 

amplified. These fragments were then combined using overlap PCR and cloned into the 

pSR47s suicide vector which carries a Kanamycin resistance gene and a counter-

selectable marker sacB from Bacillus subtilis (Figure 3.2(1)). The suicide vector pSR47s 

has an R6K origin of replication (ori), as such, plasmid replication can only occur in the 

presence of pir gene, which encodes for the π Rep protein (343). BLASTx search of the 

L. pneumophila 130b genome using E. coli pir gene as query resulted in no homologue 

found, suggesting the absence of this gene. Therefore, this plasmid will not be passed to 

L. pneumophila progeny during bacteria replication.  

The flanking regions cloned into the suicide vector enabled homologous recombination, 

leading to the formation of a mero-diploid (single crossover) and integration of the 

flanking regions into the chromosome (Figure 3.2(2)). Mero-diploid colonies were then 

selected using Kanamycin resistant media and confirmed using PCR (Figure 3.2(3)). The 

sacB gene encodes for levansucrase, an enzyme that converts sucrose into the toxic 

substance levan (344). Therefore, exposure to sucrose adds a selection pressure for the 

second homologous recombination event to occur, leading to either reversion to WT or 

deletion of the designated region (Figure 3.2(4)). PCR was again used to confirm the 

deletion of the designated region (data not shown).  

In this study, 9 out of the 35 regions were successfully deleted (ΔA-ΔI, Table 3.2, 

Appendix 1), resulting in the deletion of 68 Dot/Icm effector-encoding genes and 139 

other genes. In addition, we progressively deleted regions to generate mutants lacking 

several genomic regions. To date, deletion mutants lacking four- and five-regions 

(∆FGHI and ∆DFGHI) were successfully created, leading to the collective deletion of 42 

and 47 effector proteins, as well as 134 and 146 non-effector genes respectively. A list of 

the genes deleted in each cluster can be found in Appendix 1. To enable a more accurate 

comparison to the published literature, and to gain insight into how conserved these 

regions are, a comparison of regions A-I in the 130b strain and Philadelphia strain was 

visualised using Artemis Comparison Tool (ACT) (Figure 3.3).  
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Based on the alignment, most regions, as indicated in coloured shading, showed >80% 

similarity to their homologous counterpart in the Philadelphia-1 strain (Figure 3.3). 

However, there are variations between the two genomes. For instance, the 130b strain 

encodes for one extra member of the SidE-family genes (lpw_23281). In addition, several 

genes, such as lpw_20011 and lpg2525 were unique to either strains. Other genes, such 

as lpw_20001 and lpg1948 were homologs of genes located in a remote region (Figure 

3.3). Together, this showed that while the two genomes share a considerably high level 

of conservation, some differences exist, which may contribute to different outcomes of 

infection. 

To identify off-target effects such as the disruption of genes unrelated to the deleted 

regions and to confirm that the deletion was successful, whole genome sequencing was 

performed in each deletion mutants. It was revealed that the designated regions in all 

mutants were successfully deleted. However, single-nucleotide polymorphisms (SNPs) 

were found in seven mutants. SNPs in ΔA and ΔH occurred in intergenic regions (Table 

3.3). Promoter prediction using Softberry BPROM revealed that the SNPs found in ΔA 

and ΔH did not interfere with the predicted promoters of the surrounding genes (345). 

Therefore, there should be no consequence of the SNPs in ΔA and ΔH. In mutants ΔC, 

ΔE, ΔG, ΔH, and ΔI, SNPs were found in the open reading frame (ORF) of a gene. These 

SNPs led to either an amino acid substitution or a premature stop codon. The gene 

lpw_31381, encoding for the phosphoenolpyruvate protein phosphotransferase PtsP, was 

disrupted in ΔC, ΔH and ΔI. SNPs in ΔC and ΔI led to a premature stop codon that 

terminated protein expression at amino acid 76. Meanwhile, a SNP in ΔH led to a 

missense mutation, changing glutamate 480 into alanine. Additionally, in ΔH, a SNP in 

the Lvh T4SS component lvh1D4 occurred, leading to the substitution of alanine 68 with 

valine (Table 3.3). A base deletion in ΔG mutant led to a nonsense mutation in the gene 

encoding for the DNA-binding response regulator letA (lpw_28981).   

3.2.3 Growth rate of mutant strains under axenic condition 

Although genes predicted to be important for bacterial growth rate were excluded from 

the regions, several genes with unknown function were deleted in the mutants. In addition, 

SNPs were also found in the mutants (Table 3.3). Therefore, to ensure that the cluster 
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deletion did not lead to a severe reduction in bacterial growth rate, bacterial replication in 

axenic media was monitored over 40 hours.  

Both WT L. pneumophila 130b and the mutant strains were grown axenically with a 

starting bacterial density (OD600) of 0.01. The absorbance was then measured every 2 h 

for 40 h. Seven out of nine single mutants did not show any significant difference in 

bacterial numbers at all time points compared to WT (Figure 3.4). Additionally, the two 

strains of multiple-cluster mutants did not show any defect in viability compared to WT. 

Two single mutants; ΔA and ΔB, showed a slight delay in the log phase and the lag phase 

respectively, but ultimately managed to reach the same bacterial numbers as WT (Figure 

3.4). Based on this result, we were confident that the deletion of selected large genomic 

regions had not majorly affected the viability growth rate of the bacteria.  

3.2.4 Dot/Icm T4SS functionality in mutant strains 

During the construction of the mutants, all known secretion system components-encoding 

genes had been excluded from the deleted regions. However, there remained a possibility 

of accidentally deleting a novel regulator of the Dot/Icm T4SS. Further, in mutant ΔH, a 

SNP was found in the lvhD4 gene. The Lvh T4SS may aid in the translocation of Dot/Icm 

effector proteins when the Dot/Icm T4SS is disrupted (235), and may be altered in the 

presence of a SNP. Therefore, to ensure the functionality of the Dot/Icm secretion system, 

and to eliminate the possibility of accidentally deleting or introducing mutations to a 

novel component or regulator of the Dot/Icm secretion system, translocation of the 

Dot/Icm effector protein RalF by the mutants was examined using the beta-lactamase 

TEM1 method described in de Felipe et al (250).  

In this assay, TEM1 beta-lactamase was fused to the N terminus of RalF to avoid 

disruption of the C-terminal signal sequence that is required for translocation by the 

Dot/Icm T4SS. Both WT and mutant strains carrying the TEM1-RalF fusion construct 

were then used to infect macrophages. Upon translocation of the tagged effector, cleavage 

of the substrate CCF-2AM could be observed as a shift in fluorescence from blue (520 

nm) to green (450 nm). The 450nm/520nm fluorescence intensity ratio was then used as 

a measure of the level of translocation. At 2 h post-infection, the level of RalF 

translocation in the mutant strains was consistent with WT levels (Figure 3.5). The 

negative control, ∆dotA, which lacks an essential component of the Dot/Icm T4SS (246), 
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showed significantly reduced RalF translocation compared to WT. This suggested that all 

mutants were competent in translocating Dot/Icm effector proteins, and that none of the 

genes in the deleted regions or affected by SNP, act as novel component or regulator of 

the Dot/Icm T4SS. Therefore, the results of the subsequent assays were not compromised 

by a defective Dot/Icm T4SS. 

3.2.5 Replication of L. pneumophila mutants in THP1 macrophages 

After confirming that the mutants were able to grow at a similar rate to WT, and that the 

functionality of the Dot/Icm T4SS in the mutant strains was not disrupted, replication 

efficiency of the mutants was assessed in THP1 macrophages. Bacterial numbers at 3 h 

and 48 h after infection were enumerated to examine the mutants ability to replicate in 

THP1 macrophages. The 3 h timepoint was selected as a measure of bacterial entry into 

the host cells, whereas the 48 h timepoint was selected as this represents the endpoint of 

infection. At 3 h post-infection, ∆G showed a significant decrease in bacterial numbers 

compared to WT. However, this decrease was not observed in the multiple mutants 

ΔFGHI and ΔDFGHI. None of the other mutants showed any significant difference in 

either the bacterial numbers at 3 h after infection compared to WT, indicating that except 

for ∆G, the infectivity of the mutants was not altered by the deletion.  

Consistent with the decrease in infectivity, at 48 h post-infection, only ΔG showed a 

modest decrease in bacterial numbers compared to WT (Figure 3.6). Despite the deletion 

of respectively 134 and 146 genes, both ΔFGHI and ΔDFGHI mutants did not show any 

defect in replication compared to WT (Table 3.2, Figure 3.6). These results demonstrate 

that the deletion of up to 68 effector protein-encoding genes, or 207 genes in total, did 

not have a significant effect on bacterial replication in human macrophages. Further, this 

also emphasised the likelihood of functional redundancy between the effectors of 

L. pneumophila.  

3.2.6 Replication of L. pneumophila mutants in Acanthamoeba castellanii 

L. pneumophila naturally infects a diverse range of protozoa. As A. castellanii is one of 

the known natural hosts of L. pneumophila (50, 346), replication of the mutant strains 

was examined during A. castellanii infection. As ΔDFGHI was created late in the course 

of the study, this mutant was not examined in this experiment, as well as any other 
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subsequent experiments presented in this thesis. Similar to the THP1 macrophages model, 

the bacterial numbers were quantified at 3 h and 48 h post-infection to examine the 

bacterial entry and replication endpoint respectively. At 3 h post-infection, none of the 

mutants showed a significant decrease in bacterial numbers compared to WT (Figure 

3.7), demonstrating that the infectivity of the mutants in A. castellanii was unaffected. 

Unlike in the macrophage model, at 48 h post-infection, four mutants; ΔB, ΔE, ΔF, and 

ΔG, showed a significant reduction in bacterial numbers (Figure 3.7). Consistently, the 

multiple-region mutant ΔFGHI also displayed a significant reduction in bacterial 

numbers. This indicates that these regions are important for the bacterial replication in 

A. castelllanii, but not in a human macrophages cell line.  

3.3 Discussion 

Critical to L. pneumophila infection is the modulation of host processes by Dot/Icm T4SS 

effectors. To identify which effectors are important for L. pneumophila infection, a 

library of 35 mutants lacking Dot/Icm effector proteins was designed, and nine mutants 

from this library have been generated. Using these mutants, the roles of multiple Dot/Icm 

T4SS effectors during infection can be investigated. To date, thirteen mutants (∆A-ΔI) 

have been constructed, covering 207 genes, 68 of which encode for Dot/Icm T4SS 

effectors. Additionally, multiple-cluster mutants (∆FGHI and ∆DFGHI) were created to 

cover a larger region of 134 and 146 genes respectively. These mutants varied in their 

ability to replicate in the conditions as summarised in Table 3.4.  

ΔG is the only mutant that showed reduced cfu in both THP1 macrophages and 

A. castellanii. Noteworthy,  ΔG contained a SNP at the gene lpw_28981 (letA), a member 

of the LetA/S two-component system (93), leading to a premature stop codon. Mutants 

deficient in LetA/S are known to be impaired in bacterial motility, macrophage infectivity 

and cytotoxicity, although bacterial replication in both bone marrow-derived 

macrophages and HL60-derived macrophages is unaffected (93, 94). ΔG showed an 

approximately 0.5 log-fold decrease in bacterial numbers compared to WT at 3 h after 

infection in THP1 macrophages, indicating lower infectivity in macrophages. 

Consistently, an approximately 0.5 log-fold reduction in bacterial numbers compared to 

WT at 48 h post-infection was observed. This implies that the reduction in ΔG bacterial 

numbers at 48 h may be due to the lower bacteria uptake rather than impaired replication, 
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thus supporting previously published observations. Neither ΔFGHI nor ΔDFGHI, both of 

which lacked region G but contained no SNP, displayed a reduced bacterial load at 3 h 

and 48 h in THP1 macrophages. This suggests that the phenotype of ΔG in THP1 

macrophages may be due to the SNP in letA. However, complementation of letA to ΔG 

mutant is required to confirm this hypothesis. 

Prior to this study, O’Connor et al (338) generated large genomic region mutants in the 

L. pneumophila Philadelphia-1 strain. Δ6a, which covers an overlapping homologous 

region with ΔG, proficiently replicates in either mammalian macrophages or 

A. castellanii (338). The genes in this region were highly conserved between the two 

strains, thus, it is likely that the SNP in letA caused the reduction in ΔG bacterial numbers. 

Four single mutants, ΔB, ΔE, ΔF, and ΔI, showed a significant reduction in replication in 

A. castellanii, but not macrophages. Consistent with our results, Δ4, Δ5, and Δ7a mutants, 

which covered homologous region with ΔE, ΔF, and ΔI, also displayed a significant 

reduction in replication in A. castellanii, but not in bone marrow-derived macrophages 

(BMDMs) from A-strain mice (338). 

ΔB also displayed a slight delay in the entry into log-phase. Our lab recently discovered 

that lpw_04851 was responsible for the decrease in bacterial replication in the ΔB mutant 

at 48 hours after infection in A. castellanii (Pengfei Li, personal communication). 

Homology prediction suggested that lpw_04851 encodes for a glutamate/gamma-

aminobutyric acid (GABA) transporter (325). Glutamate is important for bacterial 

replication in nutrient broth and in A. castellanii but not in macrophages, as the deletion 

of host glutamate transporter SLC1A5 led to reduced bacterial replication in 

A. castellanii, but not macrophages (347). Thus, the reduction of ΔB replication in 

A. castellanii but not THP1 macrophages supports this observation. The deletion of 

lpw_04851 may be responsible for the prolonged lag phase of ΔB in nutrient broth, as a 

metabolic phenotype is more likely to be contributed by non-effector genes. However, 

experimental evidence is required to confirm this.  

Our results suggested that ΔE, ΔF, and ΔI showed a reduced replication in A. castellanii, 

but not THP-1 macrophages. However, as all three regions are over 30 kbp in size, it is 

difficult to complement these regions using plasmid. Therefore, deletion of smaller 

regions within regions E, F, or I can be performed to narrow down the gene(s) responsible 
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for this phenotype. Complementation can then be performed to confidently determine the 

gene(s) important for L. pneumophila replication in A. castellanii. This will also reveal 

whether the SNPs found in mutants ΔE and ΔI play a role during the mutants replication 

in amoebae.   

ΔA, ΔC, ΔD, and ΔH did not show any significant defect in replication in either nutrient 

broth, THP1 macrophages or A. castellanii. Consistently, Δ2a and Δ6 generated by 

O’Connor et al (338), which covered an overlapping homologous region in the 

Philadelphia-1 strain with ΔC and ΔH, did not show any reduction in replication in either 

protozoan or mammalian hosts. On the other hand, Δ3 (338), which covered the region 

homologous to ΔD, displayed reduced replication in A. castellanii, but not macrophages. 

However, Δ3 also covers a larger region than ΔD, suggesting that the gene(s) responsible 

for this phenotype are located outside our region D.   

Despite efficient replication in cells, ΔA displayed a significant delay during replication 

in axenic conditions. This lack of growth occurred in the log-phase, which takes place 

before the 20 h post-infection period during intracellular replication. Quantification of 

flagellated L. pneumophila in BMDMs from A-strain mice have shown that flagellated 

bacteria start appearing at 20-30 h after infection, marking the stationary phase during 

macrophage infection (138).  Furthermore, egress from the LCV, which should occur in 

stationary phase, was reported to occur at 12-18 hours after infection in U937 

macrophages and A. polyphaga models (135). Therefore, given that ΔA can reach similar 

bacterial numbers as WT at stationary phase, it is not surprising that the slight delay in 

log-phase in vitro growth of ΔA did not translate to a reduction in replication in either 

THP1 macrophages or A. castellanii at 48 h after infection, as the bacteria should already 

be past log-phase.  

The large genomic region mutants generated in this study have allowed us to investigate 

the role of not just one gene, but multiple genes during infection, thereby bypassing some 

of the functional redundancy of the Dot/Icm T4SS effectors. Furthermore, in addition to 

replication phenotypes, various aspects of bacterial infection, such as LCV formation, 

translation inhibition, and unfolded protein response can be investigated using these 

mutants.  
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Overall, we found that none of the genomic regions A-I were essential for L. pneumophila 

replication in macrophages. Nonetheless, in this study, only the entry and replication 

endpoint were examined. As such, subtle delay at the middle stage of replication may be 

missed. Therefore, adding an extra timepoint between 3 h and 24 h may be performed to 

examine the replication of the mutants more thoroughly. While most genomic regions 

were not essential for replication in macrophages, at least four genomic regions were 

important for replication in A. castellanii. This observation is supported by other studies, 

which showed that some genes were important for bacterial replication in the protozoan, 

but not mammalian host (334, 338, 348). Further, the deletion of up to 31% of 

L. pneumophila strain Philadelphia-1 genome led to a reduced replication in the 

protozoan but not mammalian host (338). Conversely, a locus that contributes to 

L. pneumophila replication in macrophages, but not protozoan host was reported (349), 

although in this study, only one protozoan host was tested. These may suggest that 

macrophages are more susceptible to infection than amoebae. However, PMA-

differentiated THP1 macrophages likely do not reflect infection of resident macrophages 

in mammalian hosts in the context of overall immune system. Naturally, the ability of 

macrophages to clear bacteria is enhanced in the presence of other cell types which may 

act either indirectly through cytokines or directly to clear the bacteria. As such, the goal 

of the following chapter is to examine the survival of the deletion mutants under immune 

pressure.   
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Table 3.1. List of designed genomic regions 

Genes 
Region 

Size (kbp) 

Start End 

lpw_00071-lpw_00221 10906 28922 18.017 

lpw_00311-lpw_00791 38409 86857 48.449 

lpw_01261-lpw_01361 137868 157558 134.565 

lpw_02641-lpw_02861 280171 307298 27.128 

lpw_02981-lpw_03361 321736 371744 50.009 

lpw_03641-lpw_03751 400460 430582 30.123 

lpw_04431-lpw_04721 482706 512790 30.085 

lpw_04831-lpw_04861 520038 524801 4.764 

lpw_05041-lpw_05201 540169 556383 16.215 

lpw_06951-lpw_08111 728277 876371 148.095 

lpw_09801-lpw_10551 1049210 1140049 90.84 

lpw_11451-lpw_11581 1212455 1226841 14.387 

lpw_11681-lpw_11901 1239133 1266373 27.241 

lpw_11971-lpw_12401 1271839 1325399 53.561 

lpw_14431-lpw_15181 1535544 1614553 79.01 

lpw_16861-lpw_16971 1792794 1813545 20.752 

lpw_17121-lpw_17411 1829498 1865067 35.57 

lpw_17761-lpw_19161 1902451 2051954 149.504 

lpw_19211-lpw_19721 2054909 2111600 56.692 

lpw_19951-lpw_20201 2137369 2170480 33.112 

lpw_20291-lpw_20431 2178969 2199685 20.717 

lpw_23101-lpw_23561 2447737 2505304 57.568 

lpw_23811-lpw_24091 2546616 2575782 29.167 

lpw_24261-lpw_24611 2595555 2636837 41.283 

lpw_25181-lpw_25561 2691462 2724014 32.553 

lpw_26021-lpw_26191 2770465 2789322 18.858 

lpw_26241-lpw_26431 2791756 2813633 21.878 

lpw_26521-lpw_26861 2820995 2853452 32.458 

lpw_27241-lpw_27551 2887964 2933051 45.088 

lpw_27671-lpw_27911 2941383 2964125 22.743 

lpw_28241-lpw_28891 2992466 3068467 76.002 

lpw_29461-lpw_30041 3131377 3184099 52.723 

lpw_30591-lpw_30921 3240876 3288724 47.849 

lpw_31411-lpw_31571 3333394 3352075 18.682 
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Table 3.2. Location, size, and composition of the deleted genomic regions 

Region 

(position) 

Size 

(kbp) 

Number of 

effector-encoding 

genes  

Number of non-

effector-encoding 

genes  

Total number 

of genes 

A(10906..28922) 18.017 3 14 17 

B(520038..524801) 4.764 3 1 4 

C(1212455..1226841) 14.387 5 9 14 

D(1792794..1813545) 20.752 5 7 12 

E(2137369..2170480) 33.112 10 16 26 

F(2447737..2505304) 57.568 13 34 47 

G(2791756..2813633) 21.878 8 12 20 

H(2820995..2853452) 32.458 8 27 35 

I(2887964..2933051) 45.088 13 19 32 

FGHI 156.992 42 92 134 

DFGHI 177.744 47 99 146 
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Table 3.3. List of SNPs in L. pneumophila genomic region mutants 

Region 
Genomic 

Position 
SNPs Consequences 

A 191,568 

Intergenic region between 

lpw_01691 (Lvh1 T4SS protein 

lvr1A) and lpw_01701 (putative 

phage repressor prpA1) 

Unknown. SNP 

occurred in neither 

the putative 

promoter nor RBS 

of the surrounding 

genes. 

B N/A No SNP N/A 

C 3,329,340 

Deletion of T at position 229 in 

lpw_31381 

(phosphoenolpyruvate protein 

phosphotransferase ptsP) 

Premature stop 

codon in amino 

acid 76 

D N/A No SNP N/A 

E 2,171,002 
SNP at position 4 of lpw_20211 

(major outer membrane protein) 

Point mutation, 

changing Thr2Ala 

F N/A No SNP N/A 

G 
3,080,422-

3,080,430 

Deletion of one T in the sequence 

“GTTTTTTTTA” lpw_28981 

(Response regulator letA) 

Frameshift from 

amino acid 72 and 

premature stop 

codon at amino 

acid 76 

H 

179,426 

SNP at position 203 of 

lpw_01551 (Lvh1 T4SS protein 

lvh1D4) 

Point mutation, 

changing 

Ala68Val 

191,450 

Intergenic region between 

lpw_01691 (Lvh1 T4SS protein 

lvr1A) and lpw_01701 (putative 

phage repressor prpA1) 

Unknown. SNP 

occurred in neither 

the putative 

promoter nor RBS 

of the surrounding 

genes. 

3,330,551 

SNP at position 1,439 of 

lpw_31381 

(phosphoenolpyruvate protein 

phosphotransferase ptsP) 

Point mutation, 

changing 

Glu480Ala 

I 3,329,340 

Deletion of T at position 229 in 

lpw_31381 

(phosphoenolpyruvate protein 

phosphotransferase ptsP) 

Premature stop 

codon at amino 

acid position 76 

FGHI N/A No SNP N/A 

DFGHI N/A No SNP N/A 
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Table 3.4. Summary of L. pneumophila mutants replication phenotype  

Mutant 
Replication 

THP1 A. castellanii 

ΔA + + 

ΔB + - 

ΔC + + 

ΔD + + 

ΔE + - 

ΔF + - 

ΔG - - 

ΔH + + 

ΔI + - 

ΔFGHI + - 

ΔDFGHI + Untested* 

 

+ Competent replication 

- Reduced or incompetent replication 

* ΔDFGHI was created late in the course of study, therefore it was only examined in the 

first two experiments, namely the growth under axenic condition and replication in 

THP-1 macrophages. 
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Figure 3.1. Effector-less mutant library design in L. pneumophila 130b genome. 

Large genomic regions were assigned to cover as many effector-encoding genes as 

possible. Red lines indicate effector-encoding genes, while blue lines indicate secretion 

system-encoding genes. Black bars indicate genomic regions. Light blue bars indicate 

successfully deleted genomic regions.  

L. pneumophila 130b 

3.5 Mbp 
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Figure 3.2. Generation of marker-less deletion mutants. 

The suicide vector pSR47s was used to perform marker-less deletion of large genomic 

regions. The regions flanking the target gene (dark grey) were cloned into the suicide 

vector (1). These flanks undergo either 5’ (red arrow) or 3’ (blue arrow) homologous 

recombination with the corresponding region (red or blue region with stripes) in the 

genomic DNA (2), resulting in merodiploid products (3). After undergoing sucrose 

selection, a second homologous recombination either in the 5’ (red line) or 3’ (blue 

line) region occurs. This leads to either the deletion of target region (4), or reversion to 

WT (5). 
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Figure 3.3. Comparison of deleted regions in 130b vs Philadelphia. 

The deleted genomic regions in 130b was compared to Philadelphia and visualised using 

Artemis Comparison Tool (ACT). One centimeter corresponds to one kilobase (kb). Each 

arrow represents one gene. Numbers on each arrow indicate gene numbers in the 

corresponding strain. Yellow arrow indicates Dot/Icm effector-encoding genes, whereas 

white arrow indicates non-Dot/Icm effector-encoding genes. Arrow with dotted lines 

represents the absence of gene in the strain. Colour shading was used to show regions 

sharing over 80% protein sequence similarity. 
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Figure 3.4. Growth rate of the mutants in vitro. 

Absorbance at 600nm (A
600

) of bacterial culture in supplemented Aces broth was 

measured every 2 hours over a 40-hour period (n=3). Each dot represents mean +/- SEM. 

Statistical significance was examined using one-way Anova. * p < 0.05, ** p < 0.01, *** 

p < 0.001, **** p < 0.0001. 

  

ΔA 

ΔB 

ΔC 

ΔD 

ΔE 

ΔF 

ΔG 

ΔH 

ΔI 

ΔFGHI 

ΔDFGHI 

Mutant 

WT 



92 
 

 

Figure 3.5. Functionality of the Dot/Icm T4SS in the mutants. 

The ratio of 450/520 nm fluorescence was measured to quantify the level of translocation 

of beta-lactamase tagged RalF by each mutants. Each bar represents the mean +/- SEM. 

Statistical significance was determined using unpaired t-test. * p < 0.05, ** p < 0.01, *** 

p < 0.001, **** p < 0.0001. 
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Figure 3.6. Replication of L. pneumophila mutants in THP1 macrophages. 

The mutants bacterial CFU in THP1 macrophages was quantified at 3h and 48h after 

infection. Results from at least 3 independent experiments are presented. Each bar 

represents the mean +/- SEM. Statistical significance was determined using unpaired t-

test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 
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Figure 3.7. Replication of L. pneumophila mutants in Acanthamoeba castellanii. 

The L. pneumophila mutants bacterial numbers recovered from A. castellanii at 3h and 

48h after infection was enumerated. Results from at least 3 independent experiments are 

presented. Each bar represents the mean +/- SEM. Statistical significance was determined 

using unpaired t-test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Chapter 4  

Identification of L. pneumophila effector regions modulating survival under 

immune pressure 

 

4.1 Introduction 

The ability of L. pneumophila to infect macrophages is largely thought to be derived from 

the ability of the bacteria to infect protozoan hosts such as amoebae (62, 63). In the 

previous chapter, L. pneumophila mutants lacking up to 146 genes were found to 

proficiently replicate in THP1 macrophages, whereas many mutants were unable to 

sustain replication in A. castellanii. In another strain of L. pneumophila, deletion of up to 

31% of the genome did not affect bacterial replication in macrophages, but severely 

attenuated replication in the protozoan hosts (338).  

A potential contributing factor to the susceptibility of macrophages to L. pneumophila is 

that naïve macrophages or naïve macrophage cell lines are often used. Unlike the 

unicellular amoebae, macrophages function optimally in a cohesive response with other 

immune cells, which improve the clearance of bacteria through either direct bactericidal 

mechanisms or cytokine secretion. Cytokine secretion is important for optimal 

bactericidal activity of macrophages, as stimulation of macrophages with cytokines such 

as TNFα and IFNγ improves the resistance to L. pneumophila (194, 196-198, 350, 351). 

During L. pneumophila infection, infected macrophages have a restricted cytokine 

repertoire due to the inhibition of cytokine secretion by L. pneumophila. Under these 

conditions, infected cells are unable to make TNFα, and rely on cytokine production by 

bystander cells (177, 189). Furthermore, despite the importance of IFNγ to 

L. pneumophila clearance by macrophages, the majority of IFNγ is produced by the NK 

and T cells (185, 192, 352). Therefore, the addition of recombinant cytokine is ideally 

included in an in vitro model to approach optimal macrophage activation during 

L. pneumophila infection.  

In vivo, cytokines also recruit other cell types which help in resolving the infection. 

During in vivo infection, L. pneumophila interacts with mononuclear phagocytes (MPC) 

such as alveolar macrophages (AMs) and monocytes, as well as polymorphonuclear 

(PMN) phagocytes such as neutrophils (78, 130, 353, 354). The translocation of Dot/Icm 

effectors also occurs in neutrophils (79), suggesting that L. pneumophila may modulate 
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cells other than macrophages during in vivo replication. Therefore, studying the Dot/Icm 

T4SS effectors exclusively in macrophages may not be sufficient, even though 

L. pneumophila is unable to replicate in neutrophils and neutrophils are imported for 

controlling infection. 

Modulation of the host immune response can be performed by Dot/Icm T4SS effector 

proteins (305, 306, 355). For instance, the effector proteins MavC and RavD can dampen 

host NFκB response (292, 293), whereas other Dot/Icm effectors induce prolonged NFκB 

activation at the later stages of infection, resulting in an increase in the transcription of 

host anti-apoptotic genes (302-306). As cell death may improve bacterial clearance by 

removing susceptible cells, delaying this process allows better bacterial survival. 

Consequently, pharmacological induction of host apoptosis led to better clearance of 

L. pneumophila (307). Furthermore, at least seven Dot/Icm effectors (SidI, Lgt1-3, 

LegK4, SidL, and Lpg1489) inhibit host translation, leading to reduced cytokine 

secretion, and possibly influence host cell death (176, 268, 296-298, 307). These 

modulations may influence the pathogenesis of L. pneumophila, however to date, there is 

limited studies on the role of Dot/Icm effectors during in vivo infection. 

Although studying the role of Dot/Icm effectors exclusively in macrophage cell lines may 

not be sufficient to detect any effects on overall disease, the use of animal models raises 

ethical and financial concerns, as the large effector repertoire means a large number of 

animals are required. As such, the majority of effectors characterised in mice have only 

been investigated after a phenotype has been observed in vitro. At the time of writing, 

there is only one study which has attempted to identify Dot/Icm effectors important for 

L. pneumophila survival in the in vivo model, where a library of pooled and tagged 

transposon mutants was used to infect mice. Sequencing was used to determine the 

proportion of each mutant to the entire pool before and after infection (334). Although 

this method is a powerful technique, a drawback is that it only allows the disruption of 

single genes, and therefore cannot identify functionally redundant effectors. Furthermore, 

more subtle phenotypes may be lost due to the high number of strains being competed in 

the transposon assay.  

The large genomic region deletion mutants created in this study provided an opportunity 

to study Dot/Icm effectors in an alternate approach that may better detect any roles of 
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redundant or cooperative effectors. Therefore, using the large genomic region mutants, 

we aimed to identify Dot/Icm effectors that influence bacterial survival under immune 

pressure. While the mutants displayed only minor phenotypes in IFNγ-stimulated 

macrophages, they displayed either significant increases or decreases in bacterial CFU 

after infection of A-strain mice. Following this, Lpw_04861 was identified as one of the 

effectors responsible for the increase in bacterial survival in vivo. Additionally, three 

effector-rich regions were determined to be important for bacterial survival in vivo. 

4.2 Results 

4.2.1 Replication of L. pneumophila mutants in IFNγ-stimulated macrophages 

The most potent mechanism of L. pneumophila restriction described in macrophages 

results from IFNγ stimulation. Therefore, the replication of genomic deletion mutant 

strains in IFNγ-stimulated THP1 macrophages was examined to investigate the role of 

the deleted effectors in modulating macrophage intrinsic immunity. In this experiment, 

following differentiation of THP1 monocytes into macrophages, cells were stimulated by 

addition of IFNγ (Figure 4.1A). 100 ng/ml IFNγ was used to stimulate THP1 cells as this 

was previously demonstrated to successfully stimulate THP1 macrophages without a 

significant loss of cell viability at 24 hours after treatment (356). To confirm that IFNγ 

stimulation was successful, the expression of a known IFNγ-responsive gene GBP5 (357) 

was examined using western blot before infection (t=0h), and at 3h, 24h, and 48h after 

infection (t=3h, t=24h, t=48h) (Figure 4.1B). A ~62 kDa band was observed in stimulated 

cells at all time-points tested, but not in unstimulated samples, suggesting IFNγ 

stimulation was successful. In contrast to the previous study (356), a reduction (~20%) in 

cell viability was observed when uninfected cells were treated with IFNγ compared to the 

untreated control (Figure 4.2A, B).  

At 3 h post-infection, cells were lysed and the lysate was plated to determine bacterial 

CFU as a measure of uptake. Similarly, at 24 h and 48 h post-infection, bacterial CFU 

was enumerated to measure bacterial replication. At 3 h and 24 h post-infection, IFNγ 

treatment did not result in enhanced uptake or clearance of WT L. pneumophila. 

Similarly, all mutant-infected cells showed similar bacterial load as WT-infected cells at 

3 h and 24 h post-infection (Figure 4.1C). At 48 h post-infection, a one log decrease in 

WT L. pneumophila CFU from stimulated cells compared to unstimulated cells was 
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observed, suggesting that IFNγ stimulation improved WT L. pneumophila clearance in 

THP1 macrophages (Figure 4.1C). Similarly, at 48 h post-infection, a decrease in 

bacterial load when cells were stimulated with IFNγ was observed for ΔA, ΔB, and ΔD 

mutants. Upon IFNγ treatment, ΔA mutant showed ~0.8 log lower bacterial load than 

WT, suggesting a lower survival in stimulated macrophages (Figure 4.1C). In contrast, 

IFNγ stimulation did not significantly enhance the clearance of mutants ΔC, ΔE, and 

ΔFGHI at 48 h after infection, suggesting a role for these effector(s) in driving the 

susceptibility of L. pneumophila to immune pressure. However, no significant difference 

in bacterial CFU was observed between these mutants and WT, suggesting that these 

phenotypes were weak or variable (Figure 4.1C). Notably, there was no significant 

difference in the bacterial load of ΔdotA mutant in IFNγ-treated cells compared to 

untreated cells at all time points (Figure 4.1C), probably due to the inability of the mutant 

to replicate in THP1 macrophages. 

4.2.2 Viability of THP1 macrophages infected with L. pneumophila mutants 

During infection, host cells may initiate cell death to clear the bacteria or to prevent 

bacterial replication by eliminating infected cells. To understand the effect of the 

deletions in each mutant to the host, cell viability was examined after infection with each 

mutant either under naïve conditions or with IFNγ stimulation. Live THP1 macrophages 

maintain adherence to the wells, while dead cells become nonadherent. Therefore, dead 

cells were removed by washing, and the remaining cells were fixed. CellTag700 was then 

used to stain and quantify the number of cells in the well. Afterwards, the fluorescence 

intensity at 700 nm was measured and normalised to the uninfected untreated sample. 

From 24 h post-infection, WT-infected cells began to display reduced fluorescence at 700 

nm compared to uninfected cells, suggesting that WT infection led to a loss in cell 

viability. At 48 h post-infection, this reduction was more pronounced (Figure 4.2A, B). 

At 48 h after WT infection, IFNγ-treated cells showed higher fluorescence intensity than 

untreated cells, suggesting better viability, consistent with the IFNγ-mediated 

improvement of bacterial clearance (Figure 4.2A, B). Similar to WT infection, infection 

by mutants ΔA, ΔB, and ΔD resulted in an increase in fluorescence of IFNγ-treated cells 

compared to untreated cells (Figure 4.2A, B). This is also consistent with the enhanced 

clearance of these mutants (Figure 4.1C). Meanwhile, no significant increase in 
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fluorescence was observed for ΔC- and ΔFGHI-infected cells upon IFNγ treatment, again 

supporting the bacterial CFU data (Figure 4.2A, B, Figure 4.1C). Interestingly, 

unstimulated ΔE mutant-infected cells showed increased cell fluorescence compared to 

WT-infected cells, suggesting that one or more of the genes deleted in this region was 

important to induce host cell death (Figure 4.2A, B). 

4.2.3 L. pneumophila mutants showed a variable phenotype in A-strain mice 

During L. pneumophila infection in vivo, multiple cell types may aid in the bacterial 

clearance, leading to an alteration in the infection outcomes. Therefore, we decided to 

investigate the survival of the mutant strains in a mouse model to better understand if any 

of the deleted genes influenced bacterial persistence under immune pressure. Amongst 

inbred mice, only A-strain mice have been shown to facilitate WT L. pneumophila 

replication (353, 358). This susceptibility is due to a polymorphism in the Naip5/Birc1e 

gene, which reduces the capacity to recognise flagellin of these mice (359, 360). As such, 

to enable virulent studies of L. pneumophila, A-strain mice are typically used (361). As 

murine resistance towards L. pneumophila is mainly due to the recognition of bacterial 

flagellin by the NLRC4/Naip5 inflammasome, Naip5-/-, Nlrc4-/- mice, or aflagellated 

(ΔflaA) L. pneumophila strains are also used (166, 168, 169). In this study, we examined 

the survival of the mutant strains during infection of A-strain mice. 

Mice were infected intranasally, and at day 1 and day 3 after infection, lungs were 

harvested, homogenised, and plated to enumerate bacterial CFU. In contrast to isolated 

macrophages, this approach revealed distinct phenotypes for all mutant strains. Firstly, 

the mice infected with two mutants, ΔA and ΔB, showed significant increases in bacterial 

numbers compared to WT at day 1 and day 3 after infection (Figure 4.3A).  Consistent 

with this, mice infected by ΔA or ΔB mutants showed significantly more weight loss 

compared to WT-infected mice in at least one of the time points tested (Figure 4.3B). 

Secondly, compared to WT, mice infected with ΔFGHI mutant displayed an increase in 

bacterial numbers at day 1 after infection that normalised by day 3 (Figure 4.3A). Mice 

infected by ΔFGHI mutant also showed a transient increase in weight loss relative to WT-

infected mice, consistent with the transient increase in bacterial CFU (Figure 4.3B). 

Thirdly, mice infected with ΔE mutant displayed a significant reduction in bacterial 

numbers and significantly less weight loss at both day 1 and day 2 after infection (Figure 
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4.3A, B). Finally, ΔC-infected mice showed significantly more weight loss at day 3 after 

infection, despite showing similar bacterial CFU relative to WT (Figure 4.3A, B). As all 

mutants showed different phenotypes, to ensure that each strain was equally inoculated 

into the mice, the inoculum was retrospectively plated. No significant difference in the 

mutants inoculum CFU was observed compared to WT (Figure 4.3C), suggesting that 

the difference in bacterial numbers of the mutants was not due to unequal starting number.  

4.2.4 L. pneumophila ΔFGHI mutant infection did not alter the host pulmonary immune 

response 

To investigate why mice infected with ΔFGHI mutant exhibited an increase in bacterial 

load, after 1 day infection, the right lung was harvested and the homogenate was subjected 

to cytometric bead array (CBA) analysis to determine the host cytokine response. 

Additionally, the left lung was minced, digested, and stained to determine the immune 

cell profiles at day 1 after infection as previously described (317). No significant 

difference was observed for the level of any tested cytokines at day 1 after infection 

(Figure 4.4). While there was no significant difference in the recruitment of neutrophils 

and MCs into the lungs during ΔFGHI mutant infection compared to WT infection, a 

significant increase in L. pneumophila-containing neutrophils and MCs were observed, 

consistent with higher lung CFU for this mutant (Figure 4.5). No significant difference 

was observed for the abundance of other cell types (Figure 4.5). Hence the basis of 

increased CFU at day 1 after infection for ΔFGHI did not appear to be immune-based. 

4.2.5 Lpw_04861 enhanced L. pneumophila clearance from the lungs 

Four genes were deleted in ∆B mutant (Appendix 1). To understand why the deletion of 

region B led to an increase in bacterial load, deletion of single genes in this region was 

performed. These single-gene mutants were then used to infect A-strain mice and 

bacterial load was quantified at day 3 after infection. While there was no significant 

difference in the inoculum bacterial numbers, the single-gene mutants showed distinct 

phenotypes in mouse (Figure 4.6A, C). Δlpw_04861 was the only single-gene mutant 

that showed a significant increase in bacterial load compared to WT, suggesting that 

lpw_04861 was responsible for the phenotype of ΔB (Figure 4.6A). Surprisingly, all of 

the other single-gene mutants (Δlpw_04831, Δlpw_04841, Δlpw_04851) displayed 

significant reductions in bacterial load compared to WT (Figure 4.6A). In addition to the 
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reduced bacterial load, ∆lpw_04841 infection led to a significantly less weight loss 

compared to WT (Figure 4.6B). These data suggest that Lpw_04861 may be masking the 

phenotypes of these three genes in the ΔB mutant. 

Several Dot/Icm T4SS effectors induce host mammalian immune response. As such, we 

hypothesised that Lpw_04861 may enhance host immune responses, resulting in an 

enhanced bacterial load in the absence of this gene. To test this hypothesis, the lung 

homogenate was subjected to CBA assay. Infection with ΔB led to a modest but 

significant increase in the level of IL-1α and MCP1 (Figure 4.7), consistent with the 

increase in bacterial load. Infection with Δlpw_04861 led to an increase in IL-1α 

expression, similar to ΔB (Figure 4.7). However, infection with Δlpw_04861 also led to 

a significant reduction in the level of IFNγ relative to WT infection (Figure 4.7). In 

addition to the cytokine response, the immune cell abundance in the lungs was also 

examined using flow cytometry. Consistent with the increase in bacterial load, an increase 

in neutrophil and MC recruitment, as well as a higher percentage of infected cells were 

observed (Figure 4.8).  

To investigate how Lpw_04861 might contribute to enhanced bacterial clearance in the 

lungs, basic bioinformatic analysis was performed on the amino acid sequence of 

Lpw_04861. While BLASTp search revealed that the homologues of this gene are all 

uncharacterised proteins, we also found that this gene was highly conserved amongst 57 

species of Legionella (Figure 4.9) (362). Similar to BLASTp search, scanning for 

homologous proteins using all available databases on the Interpro server (322) resulted in 

no homologues found. Despite using different templates at a low sequence similarity, 

structural prediction using the HHPred (325, 363), Phyre2 (323), I-TASSER (324, 364, 

365), SparksX (366), and RaptorX (326) webservers consistently predicted that 

Lpw_04861 contains multiple alpha-helices connected by linker regions. Alpha-helices 

may pack to form coiled-coil domains, commonly found amongst Dot/Icm effectors. 

Consistently, the coiled-coil prediction platform Parcoil2 predicted the presence of a 

coiled-coil domain between residues 112-141 (327). Lpw_04861 was predicted to be a 

Dot/Icm effector protein (339). Consistently, Lpg0405, a homologue of Lpw_04861, is 

translocated in a Dot/Icm dependent manner during L. pneumophila infection of U937 

macrophages (254). Therefore, Lpw_04861 may be translocated to the host cytosol, 
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although the mechanism of action cannot be determined through basic bioinformatics 

alone. 

To confirm that the deletion of lpw_04861 was specific and did not alter other parts of 

the genome, whole genome sequencing was performed. This demonstrated that while the 

mutagenesis has specifically deleted lpw_04861, there were 10 SNPs in Δlpw_04861 

compared to WT L. pneumophila as listed in Table 4.1. The consequences of these SNPs 

are currently unclear. ∆B did not have any SNPs compared to WT (Table 3.3), suggesting 

that SNPs were introduced during construction of the single gene mutant. 

Complementation of Lpw_04861 using the constitutively expressing pMIP vector did not 

restore the replication of Δlpw_04861 back to the level of WT L. pneumophila (Figure 

4.6A). However, it is unclear whether Lpw_04861 was properly expressed during murine 

infection. Therefore, more studies are required to confirm the role of Lpw_04861 in the 

increase in bacterial load. 

4.2.6 Regions E1, E3, and E4 were important for L. pneumophila survival in lungs 

To narrow down the bacterial factors that caused a reduction in ΔE survival in A-strain 

mice lungs (Figure 4.3A), region E was divided into four smaller genomic regions, 

namely E1-E4 (Table 4.2). These smaller genomic regions were then deleted using the 

suicide vector approach, similar to the large genomic region mutants (Figure 3.2). Similar 

to ΔE, ΔE1, ΔE3, and ΔE4 displayed significant reductions in bacterial load compared to 

WT despite the inoculation of similar number of bacteria (Figure 4.10A, C). However, 

unlike ΔE-infected mice, mice infected with these mutants did not display a significant 

difference in weight loss compared to WT-infected mice (Figure 4.10B), perhaps 

suggesting that the phenotype of ΔE was an additive result of the deletion of these regions. 

Interestingly, ΔE2 displayed a significant increase in bacterial load (Figure 4.10A), 

contrary to the phenotype of ΔE, implying an interaction between genes in regions E1, 

E3, and E4, with gene(s) in region E2.  

4.2.7 LegC4 enhanced host cytokine response against L. pneumophila infection in A-

strain but not C57BL/6 mice 

LegC4 is one of the effectors encoded in region E2. It was previously described that 

transposon disruption of legC4 led to a significant increase in bacterial survival in 
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Nlrc4-/- mice (334), which could explain the increased CFU of ΔE2 in A-strain mice. 

Therefore, we examined the survival of ΔlegC4 strain in A-strain mice to confirm that 

LegC4 was responsible for the increase in survival of ΔE2. As with previous experiments, 

the number of bacteria inoculated into each mouse was retrospectively enumerated to be 

equal amongst the strains tested (Figure 4.11C). In contrast to the published finding 

(334), ΔlegC4 showed similar bacterial load to WT at day 3 after infection of A-strain 

mice (Figure 4.11A). Consistently, mice infected with ΔlegC4 showed a similar weight 

loss phenotype to WT-infected mice (Figure 4.11B). To rule out any other effects of 

mouse strain background, an aflagellated L. pneumophila (∆flaA) strain was used to infect 

WT C57BL/6 mice. However, there was no significant difference in bacterial load at both 

day 1 and day 3 post-infection (Figure 4.12A). Infection by ∆legC4 caused a significant 

increase in weight loss at day 3 post-infection (Figure 4.12B). Noteworthy, similar 

number of bacteria was inoculated for both strains (Figure 4.12C). 

Infection with aflagellated ΔlegC4 strain was previously described to lead to reduced host 

TNFα and IL6, leading to a significant increase in bacterial load compared to WT in 

murine BMDMs (367). Thus, the lung cytokine response was measured to examine the 

host response towards ΔlegC4 infection. A significant reduction in IFNγ was observed 

during infection of ΔlegC4 in A-strain mice (Figure 4.13), suggesting that LegC4 

enhanced IFNγ secretion during infection of A-strain mice, although this did not influence 

overall bacterial numbers. In contrast, there was no significant difference in the level of 

any pulmonary cytokine during aflagellated ∆legC4 mutant infection of C57BL/6 mice 

(Figure 4.14). Hence, we could not reliably repeat the previous findings that LegC4 

enhanced the cytokine response to L. pneumophila infection. This suggested that other 

genes encoded in the region deleted in ΔE2 were responsible for the phenotype observed. 

4.3 Discussion 

In this chapter, the large genomic mutants were used to investigate the effectors involved 

in bacterial survival in IFNγ-stimulated macrophages, host cell death, and in vivo 

pathogenesis. Strikingly, while all mutants were able to proficiently replicate in THP1 

macrophages under either naïve or IFNγ stimulation conditions, various obvious 

phenotypes were observed in A-strain mice. Four out of six mutants tested displayed a 

significant increase in bacterial CFU, suggesting that genes deleted in these regions may 
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enhance the clearance of WT L. pneumophila from the murine lungs. Lpw_04861, the 

gene whose deletion is potentially responsible for the increase in CFU of ΔB, is well-

conserved amongst Legionella spp, perhaps suggesting the importance of this gene in the 

environmental life cycle of Legionella. Deletion of region E led to a significant reduction 

in bacterial CFU, suggesting gene(s) within this region were important for pathogen 

persistence in the mammalian host. During the identification of genes responsible for the 

phenotype of the large genomic region mutants in A-strain mice, we observed a potential 

meta-effector relationship, as with the exception of lpw_04861, deletion of each gene in 

region B led to a significant reduction in bacterial CFU. Similarly, ΔE2 displayed a 

significant increase in bacterial CFU that was masked by other genes in ΔE. 

While IFNγ is important for the clearance of L. pneumophila, IFNγ is primarily produced 

by lymphocytes (185, 192, 352). Therefore, in this study, we stimulated THP1 

macrophages with IFNγ to represent a more optimal macrophage activation level. Despite 

the potent effect of IFNγ in the clearance of L. pneumophila in both murine and human 

models (194, 196-198, 350), surprisingly we saw little effects (~1 log fold change at 48 

h post-infection only) on THP1 macrophages ability to clear L. pneumophila. Previous 

studies showed that IFNγ stimulation of human macrophages improved L. pneumophila 

clearance by at least 1 log fold at 24 h post-infection and more than 2 log fold at 48 h 

post-infection despite the use of similar or lower dose of IFNγ compared to this study 

(350, 351). Different cell lines may have different sensitivity to IFNγ treatment, therefore 

a higher dose may be required to impart the same level of inhibition in THP1 

macrophages. Nonetheless, stimulation with 100 ng/ml of IFNγ reduced cell viability by 

~20% in this study, and increasing the dose may further increase cell death. Previous 

studies on the effect of IFNγ to L. pneumophila clearance did not report whether there 

was any reduction in cell viability, therefore it is unclear whether excessive cell death has 

confounded their findings (350, 351). Together, these highlight the limitations of using 

macrophage cell lines to study L. pneumophila replication, especially under IFNγ 

stimulation.   

Unlike in THP1 macrophages, the mutants displayed clear phenotypes during infection 

of A-strain mice. It may be argued that the differences in species is contributing to the 

differences in phenotype in THP1 macrophages and A-strain mice, as THP1 macrophages 
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are human cells (368). However, the deletion of orthologs of genes in regions C-I in 

L. pneumophila strain Philadelphia-1 also did not show a significant difference in mouse 

BMDMs (338), suggesting that the differences observed in this study were not simply 

due to differences in species. Rather, it is more likely that these differences arise from the 

lack of sensitivity of the in vitro model compared to in vivo model. L. pneumophila 

infection induces a robust pro-inflammatory response in the lung, such as the secretion of 

IL-6, IL-1β, and TNFα (369). In the in vitro model, these cytokines may improve bacterial 

clearance by improving macrophage antimicrobial activity if they are produced and can 

act back on the infected macrophage in an autocrine manner.  

In addition to improving the macrophage antibacterial capacity, in vivo these cytokines 

recruit immune cells, such as neutrophils and monocytes, which subsequently 

differentiate into macrophage-like cells termed monocyte-derived cells (MCs), as well as 

NK cells and T cells, all of which contribute to bacterial clearance (370). Consistent with 

our results, another study showed that effectors that influence L. pneumophila replication 

in NLRC4-/- mice did not always influence the bacterial replication in NLRC4-/- mice 

BMDMs (334). This highlights the limitations of in vitro models to study the pathogenesis 

of L. pneumophila. These results show that screening for effector functions solely in vitro 

may not be accurate, as phenotypes found during in vitro infection may be completely 

different to in vivo phenotype. As such, screening of phenotypes should also be performed 

in vivo. A valid concern is the feasibility of this approach due to the large number of 

effectors. Genetic tools such as the large genomic region mutants used here or libraries 

of transposon mutants could provide a way to reduce the number of animals required. 

Notably, we found that L. pneumophila contained at least four genomic regions that were 

detrimental to mammalian infection. For instance, despite losing 42 Dot/Icm effectors 

and 92 non-effector genes, ΔFGHI displayed a significant increase in bacterial CFU at 

day 1 after infection. Additionally, infection by ΔC led to increased weight loss compared 

to WT infection, despite showing similar bacterial burden, suggesting more severe 

disease. Lpw_04861, the gene in ΔB which enhanced the clearance of L. pneumophila, is 

well-conserved across 52 species in the genus Legionella, suggesting it has a key role in 

environmental persistence. Supporting our result, a recent paper reported that three 

Dot/Icm effectors, VpdA, MavW, and RavG, were important for L. pneumophila 
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replication in at least one of four natural protozoan host tested, but were disadvantageous 

for bacterial replication in U937 human macrophage-like cells (348). In addition, the 

effector protein LegS2 enhanced the cytokine secretion and subsequent clearance of 

L. pneumophila in BMDMs, although its involvement in the protozoan host is unknown 

(371). Together, these imply that there are many effectors detrimental to mammalian 

infection that are maintained to allow L. pneumophila survival in environmental hosts. 

The conservation of genes that are costly to mammalian infection is consistent with the 

lack of transmission and therefore selection for virulence during mammalian 

L. pneumophila infection. 

The phenotype associated with Lpw_04861 is exciting as it is strong and can mask the 

phenotype of three other genes. However, more work needs to be done to understand this 

phenotype. Firstly, complementation of Δlpw_04861 is required to confirm that the 

increase in ΔB survival was indeed due to this putative effector protein. The introduction 

of N terminal tag may be helpful to ensure that Lpw_04861 is properly expressed in the 

complementation strain. Furthermore, the use of native promoter of lpw_04861 may be 

better suited to the complementation compared to the use of constitutively high 

expressing mip promoter. Secondly, while the ortholog of Lpw_04861 in L. pneumophila 

strain Philadelphia-1, Lpg0405, was experimentally proven to be a Dot/Icm T4SS effector 

(254), investigation of the translocation of Lpw_04861 by the Dot/Icm T4SS is required 

to confirm this in L. pneumophila strain 130b.  

Finally, another outstanding question is to understand how Lpw_04861 could potentially 

enhance bacterial clearance. To answer this, we attempted to elucidate whether 

Lpw_04861 also enhanced the cytokine and immune cell response against 

L. pneumophila. However, the results of cytokines and immune cell analysis did not 

explain the increase in bacterial load of ∆lpw_04861. Interestingly, a significant reduction 

in the level of lung IFNγ was observed after Δlpw_04861, but not ∆B infection. Deletion 

of the three other genes in region B led to a reduced bacterial load compared to WT, 

suggesting possible interaction(s) which may mask the IFNγ reduction in the ΔB mutant. 

It is also possible the SNPs found in Δlpw_04861 may influence these phenotypes, 

therefore, trans-complementation of lpw_04861 is required to confirm this phenotype. 

Nonetheless, ΔB displayed an increase in bacterial load without an apparent reduction in 

IFNγ, so reduction of this cytokine seems unlikely to be the cause of the increase in 
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bacterial load. Overall, based on the cytokine and immune cells examined in this study, 

it seems unlikely that Lpw_04861 enhanced the host immune response and subsequent 

bacterial clearance.  

Bioinformatics was also employed to predict the function of Lpw_04861. Structure 

prediction predicts the presence of coiled-coil motif in Lpw_04861. This motif mediates 

protein-protein and protein-DNA interactions, and is associated with various functions, 

such as molecular spacer, transcription regulation, or ER-Golgi vesicle tethering to 

SNAREs (372). Therefore, while basic bioinformatics cannot predict the function of 

Lpw_04861, determination of the binding partner can be done in the future to characterise 

this effector protein.     

Of the regions tested, the only region important for L. pneumophila survival in A-strain 

mice is region E. A clue to the reduced CFU of ΔE in mice may be the significant 

reduction in THP1 cell death induced by ΔE. In the later stages of infection, 

L. pneumophila lyse host cells to facilitate egress (135). The reduction in THP1 cell death 

during ΔE infection suggests either reduced or delayed egress. This can be examined by 

enumerating the bacterial numbers in the supernatant of infected host cells at 24 h and 48 

h post-infection. We subsequently found that ∆E1, ∆E3, and ∆E4 led to a significant 

reduction in bacterial load, suggesting that multiple genes contributed to the ΔE 

phenotype. In a transposon study, disruption of lem17, a putative Dot/Icm effector deleted 

in ∆E1 led to a significant decrease in bacterial replication in NLRC4-/- mice, but not 

NLRC4-/- BMDMs, consistent with the phenotype of ∆E1 (334). As yet, none of the genes 

in region E3 and E4 have been characterised. Future studies will be required to identify 

the bacterial factors responsible for the phenotypes observed for the sub-deletion mutants 

here. Additionally, testing the sub-deletion mutants for the cell death phenotype should 

be done to determine the correlation between the two phenotypes. 

Another interesting observation of this study is that sub-deletions sometimes led to a 

contradictory phenotype compared to the deletion of a larger region. While ∆B displayed 

a significant increase in bacterial load, ∆lpw_04831, ∆lpw_04841, and ∆lpw_04851 

showed a significant decrease in bacterial load. On the other hand, while ∆E exhibited a 

significant reduction in bacterial load, ∆E2 displayed a significant increase in bacterial 

load. These may suggest either a subtractive effect of genes, or meta-effector relationship, 
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where two or more effectors may counteract each other. For instance, the Dot/Icm effector 

MesI was previously described to reduce the translation inhibition mediated by another 

effector, SidI (336). A yeast-based screening of potential meta-effector partners has 

previously been done, however, this screen relied on one of the meta-effector partners 

being toxic to yeast, and so only a subset of effectors produced a phenotype (373). 

Unfortunately, all genes in region B, as well as most genes in region E2, are 

uncharacterised. Therefore, characterisation of the genes in ∆B, as well as the 

identification of gene that caused the phenotype of ∆E2 should be done to unravel the 

potential genetic interactions.  

One of the effectors encoded in region E2, LegC4, was previously shown to enhance 

bacterial clearance from the lungs of Nlrc4-/- mice by enhancing host TNFα and IL-12 

secretion (334), consistent with the increase in ∆E2 survival in A-strain mice. However, 

we were not able to reproduce this phenotype with ΔlegC4 mutant strains in either A-

strain mice for WT L. pneumophila or C57BL/6 mice for ΔflaA L. pneumophila. This 

discrepancy may be due to the differences in L. pneumophila strain used, as well as 

differences in time points used. Additionally, the increase in ΔlegC4 replication was less 

than 1 log fold change (334), suggesting a weak phenotype. In this study, the authors were 

only able to complement the phenotype using competitive mixed infection, which is more 

sensitive to identify minor differences that monogenic infection (361). Furthermore, 

instead of pooling data obtained from all experiments, the authors only displayed 

representative data from 4 animals. Thus, it is questionable whether LegC4 is responsible 

for the overall phenotype of ΔE2. LegC4 was also shown to enhance host IL-12 

production in Nlrc4-/- mice, as well as the production of TNFα and IL6 from BMDMs 

(334, 367). However, the TNFα and IL6 phenotypes were only present when LegC4 was 

expressed on a plasmid, as such this may simply be an effect of overexpression. In this 

study, we did not find any reduction in host IL-12, TNFα, or IL6 upon infection with 

ΔlegC4 mutant. We did find that the presence of LegC4 enhanced IFNγ production during 

infection of A-strain mice, but not C57BL/6 mice. IL-12 stimulates the production of 

IFNγ from NK cells and T cells (374), perhaps suggesting that LegC4 does enhance the 

host immune response. However, more studies are required to clarify the potential 

differences in inflammatory response present. 
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In summary, the results here demonstrate that large genomic region mutants can be an 

efficient tool to identify Dot/Icm T4SS effectors that influence infection outcomes. All 

mutants exhibited altered in vivo pathogenesis, which manifested in either bacterial 

burden or weight loss in infected mice. Four out of six mutants displayed an increase in 

bacterial load, suggesting many effectors are maintained by protozoan host selection to 

the detriment of mammalian infection. We implicated Lpw_04861, a well-conserved 

putative Dot/Icm T4SS effector with unknown function, in enhanced pulmonary 

clearance of L. pneumophila. Additionally, through the sub-deletions, we observed the 

presence of potential meta-effector relationships and functional redundancy. Further 

studies are required to elucidate the gene(s) responsible for the phenotypes in the cluster 

mutants generated, and to understand how the putative effectors Lpw_04861 and LegC4 

influence L. pneumophila lung infection.  
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Table 4.1. List of SNPs in Δlpw_04861 

SNPs Consequences 

G > C substitution in 

lpw_12441 (Kup2 low 

affinity potassium transport 

system 

Synonymous mutation 

C > A substitution in the 

intergenic region upstream 

of lpw_13361 (hypothetical 

protein Lpg1326) 

Change in predicted promoter 

region 

G > A substitution in the 

intergenic region upstream 

of lpw_14531 (hypothetical 

protein Lpg1453) 

Alteration in predicted 

transcription factor binding site 

(rpoD17) 

A > C substitution in 

lpw_00671 (coiled-coil 

containing protein 

Ile268Ser 

A > T substitution in 

lpw_27971 (hypothetical 

protein) 

Synonymous mutation 

G > C substitution between 

lpw_26341 and lpw_26351 

No alteration in predicted promoter 

region/transcription factor binding 

site 

T > G substitution in the 

intergenic region between 

lpw_27351 (sdeD) and 

lpw_27361 (sdeA) 

No alteration in predicted promoter 

region/transcription factor binding 

site 

C > G substitution in the 

intergenic region upstream 

of lpw_09611 (transporter) 

No alteration in predicted promoter 

region/transcription factor binding 

site 

T > C substitution in the 

intergenic region upstream 

of lpw_14901 

No alteration in predicted promoter 

region/transcription factor binding 

site 

T > G substitution in 

lpw_08561 (hypothetical 

protein Lpg0766) 

Ser366Arg 
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Table 4.2. Sub-regions of genomic region E. 

Gene Name 

Sub-

regions 

LPW_19951 lem16 

E1 LPW_19961 lem17 

LPW_19971 ralF 

LPW_19981   

E2 

LPW_19991   

LPW_20001   

LPW_20011   

LPW_20021   

LPW_20031   

LPW_20041 legC4 

LPW_20051   

LPW_20061   

LPW_20071   

LPW_20081   

LPW_20091 ltpG 

LPW_20101   

E3 

LPW_20111 lirA 

LPW_20121   

LPW_20131 lirB 

LPW_20141 lirE/pieC 

LPW_20151 lirF/pieD 

LPW_20161   

E4 

LPW_20171   

LPW_20181   

LPW_20191   

LPW_20201 pieE 

Genes encoding for Dot/Icm effectors are printed in bold.  
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Figure 4.1. L. pneumophila mutants replicate proficiently in IFNγ-stimulated THP1 

macrophages. 

(A). Schematic of experiment design. (B). Immunoblot showing the expression of Gbp5. 
Image is representative of 3 independent experiments. Bacterial cfu of strains recovered 
from either unstimulated or IFNγ-stimulated cells at 3h, 24h, and 48h (C) after infection 
(n > 3). Each bar indicates the mean +/- SEM. Statistical significance was calculated using 
unpaired t-test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).  
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Figure 4.2. Cells infected with ΔE mutant showed enhanced viability at 48 h post-

infection. 

(A). In-cell Western-blot showing the density of cells in each 96-well plate well at 24 h 
(A) and 48 h post-infection. Cells were fixed and stained with CellTag 700, allowing 
fluorescence emission of stained nuclei at 700 nm. Image is representative of at least 3 
independent experiments. Relative fluorescence intensity at 700 nm compared to 
untreated uninfected sample at 24 h and 48 h post-infection (B). Fluorescence intensity 
at 700 nm was quantified. After background subtraction, the intensity was normalized to 
the untreated uninfected sample. Each bar indicates the mean  +/- SEM (n > 3). 
Statistical significance was determined using unpaired t-test (* p < 0.05, ** p < 0.01, 
*** p < 0.001, **** p < 0.0001).  

  

B. 



116 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



117 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Mutants showed variable phenotypes in A-strain mice. 

(A) At day 1 and 3 post-intranasal infection, mouse lungs were harvested. Bacterial CFU 
from A-strain lungs at day 1 and day 3 after intranasal infection was then enumerated. 
WEach dot represents data from one animal. Data was pooled from at least 2 independent 
experiments, except for ΔD (1 independent experiment). (B) Weight of mice after 
infection. Each point represents the mean +/- SEM of weight during the corresponding 
time point (N > 6). (C) Bacteria used to inoculate mice were retrospectively plated, and 
CFU was enumerated. Each dot represents data from one independent experiment. Except 
for ΔD (1 independent experiment), data from at least 2 independent experiments is 
presented. Statistical significance was determined using Mann-Whitney test. Unless 
otherwise indicated, asterisks indicate the statistical significance compared to WT (* p < 
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).  
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Figure 4.4. ΔFGHI infection resulted in similar host cytokine response compared to 

WT infection. 

At day 1 after infection, the right lung was harvested and homogenised. Level of 

cytokines in the lung homogenate was determined with CBA flex kit. Each dot 

represents one animal (n=9). Data was pooled from 3 independent cohorts. Mean +/- 

SEM is represented by the lines. Statistical significance was performed using Mann-

Whitney test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).  
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Figure 4.5. ΔFGHI displayed no alteration in lung immune response. 

At day 1 after infection, left lung was harvested, minced, stained with the appropriate 

antibody, and analyzed using flow cytometry. Each dot represents one animal (n=9). 

Data was pooled from 3 independent cohorts. Mean +/- SEM is represented by the lines. 

Statistical significance was performed using Mann-Whitney test (* p < 0.05, ** p < 

0.01, *** p < 0.001, **** p < 0.0001).  
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Figure 4.6. Lpw_04861 may influence the clearance of L. pneumophila from A-

strain mice lungs. 

(A) At day 3 post-intranasal infection, mouse lungs were harvested. Bacterial CFU from 

A-strain lungs at day 3 after intranasal infection. Each dot represents data from one 

animal. Data was pooled from at least 2 independent experiments. (B) Weight of mice 

after infection. Each point represents the mean +/- SEM of weight during the 

corresponding time point (N > 6). (C) Bacteria used to inoculate mice were 

retrospectively plated, and CFU was enumerated. Each dot represents data from one 

independent experiment. Data from at least 2 independent experiments are presented.  

Statistical significance was determined using Mann-Whitney test. Unless otherwise 

indicated, asterisks indicate the statistical significance compared to WT (* p < 0.05, ** p 

< 0.01, *** p < 0.001, **** p < 0.0001). 
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Figure 4.7. Lpw_04861 may influence host cytokine response. 

At day 3 after infection, either the right lung or both lungs were harvested and 

homogenated. Lung homogenates were then analysed using CBA flex kit. When only 

one lung is used, number was multiplied by 2 to account for both lungs. Each dot 

represents one animal. Data was pooled from at least 2 independent cohorts. Mean +/- 

SEM is represented by the lines. Statistical significance was performed using Mann-

Whitney test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).  
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Figure 4.8. Infection with ∆B induced an increase in lung phagocyte infiltrate. 

At day 3 after infection, left lung was harvested, minced, stained with the appropriate 

antibody, and analyzed using flow cytometry. Each dot represents one animal. Data was 

pooled from 2 independent cohorts. Mean +/- SEM is represented by the lines. 

Statistical significance was performed using Mann-Whitney test (* p < 0.05, ** p < 

0.01, *** p < 0.001, **** p < 0.0001).  
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Figure 4.9. Phylogeny of Lpw_04861. 

Orthologs of Lpw_04861 amongst Legionella genus were identified using BLASTp. A 

maximum likelihood phylogenetic tree based on the amino acid sequences of the 

orthologs of Lpw_04861 was constructed using the software MEGA X. The percentage 

of trees in which the associated taxa clustered together is shown next to the branches 

(Bootstrap=500).  
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Figure 4.10. Regions E1, E3, and E4 were important for bacterial survival in lungs. 

(A) At day 3 post-intranasal infection, mouse lungs were harvested. Bacterial CFU from 

A-strain lungs at day 3 after intranasal infection was then enumerated. Each dot represents 

data from one animal. Data was pooled from at least 3 independent experiments. (B) 

Weight of mice after infection. Each point represents the mean +/- SEM of weight during 

the corresponding time point (N > 8). (C) Bacteria used to inoculate mice were 

retrospectively plated, and CFU was enumerated. Each dot represents data from one 

independent experiment. Data from at least 2 independent experiments are presented. 

Statistical significance was determined using Mann-Whitney test. Unless otherwise 

indicated, asterisks indicate the statistical significance compared to WT (* p < 0.05, ** p 

< 0.01, *** p < 0.001, **** p < 0.0001).  
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Figure 4.11. LegC4 did not alter L. pneumophila survival at day 3 post-infection in 

A-strain mice. 

(A) At day 3 post-intranasal infection, mouse lungs were harvested. Bacterial CFU from 

A-strain lungs at day 1 and day 3 after intranasal infection was then enumerated. Each 

dot represents data from one animal. Data was pooled from at least 2 independent 

experiments. (B) Weight of mice after infection. Each point represents the mean +/- 

SEM of weight during the corresponding time point (N > 6). (C) Bacteria used to 

inoculate mice were retrospectively plated, and CFU was enumerated. Each dot 

represents data from one independent experiment. Data from at least 2 independent 

experiments are presented. Statistical significance was determined using Mann-Whitney 

test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 
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Figure 4.12. LegC4 did not alter aflagellated L. pneumophila survival in WT 

C57BL/6 mice 

(A) At day 3 post-intranasal infection, mouse lungs were harvested. Bacterial CFU from 

WT mice lungs at day 1 and day 3 after intranasal infection was then enumerated. Each 

dot represents data from one animal. Data was pooled from at least 2 independent 

experiments. (B) Weight of mice after infection. Each point represents the mean +/- 

SEM of weight during the corresponding time point (N > 6). (C) Bacteria used to 

inoculate mice were retrospectively plated, and CFU was enumerated. Each dot 

represents data from one independent experiment. Statistical significance was 

determined using Mann-Whitney test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001). 
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Figure 4.13. LegC4 enhanced host IFNγ production during infection of A-strain 

mice. 

At day 3 after infection, either the right lung or both lungs were harvested and 

homogenised. Lung homogenates were then analysed using CBA flex kit. When only 

one lung is used, number was multiplied by 2 to account for both lungs. Each dot 

represents one animal. Data was pooled from at least 2 independent cohorts. Mean +/- 

SEM is represented by the lines. Statistical significance was performed using Mann-

Whitney test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).  
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Figure 4.14. LegC4 did not influence host cytokine production during infection of 

WT C57BL/6 mice 

At day 3 after infection, either the right lung or both lungs were harvested and 

homogenated. Lung homogenates were then analysed using CBA flex kit. When only 

one lung is used, number was multiplied by 2 to account for both lungs. Each dot 

represents one animal. Data was pooled from at least 2 independent cohorts. Mean +/- 

SEM is represented by the lines. Statistical significance was performed using Mann-

Whitney test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).  
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Chapter 5  

Characterization of the Legionella pneumophila Dot/Icm T4SS-effector protein 

LegC4 

 

5.1 Introduction 

L. pneumophila infection has a major impact on the host transcriptome, resulting in a 

global increase in expression of various immune signaling pathways, consistent with 

activation of an immune response to infection (296, 375, 376). However, L. pneumophila 

infection also downregulates the expression of some genes involved in processes such as 

transcription, translation, and metabolism (375, 376). The Dot/Icm T4SS effectors may 

partly be responsible for the changes in host transcriptome, as three Dot/Icm effectors, 

SnpL, LegK7, and AnkH, have been described to increase host transcription (340, 377, 

378). In contrast, another effector, RomA, represses the host transcriptional response 

(379). SnpL binds to the host DRB (5,6-dichloro-1-β-D-ribofuranosylbenzimidazole) 

sensitivity-inducing factor (DSIF) complex component Suppresor of Ty5 (SUPT5H), 

resulting in a global induction of host transcription and increased host cell death (340), 

although the connection between transcriptional induction and cell death is unclear. On 

the other hand, LegK7 alters the host transcriptional profile by mimicking the Hippo 

pathway kinase MST1 (378), involved in cell proliferation and development (380). 

LegK7 phosphorylates the Hippo protein MOB1, leading to the degradation of 

transcription regulators TAZ and YAP1 which alters the expression of genes regulated 

by the transcription factor PPARγ (378). AnkH interacts with host nuclear La-related 

protein 7 (LARP7), a component of the 7SK snRNP complex, which pauses transcription 

elongation by binding to to host transcription elongation factor P-TEFb (377). LARP7 

prevents the degradation of 7SK snRNP by binding to the U-rich region (381-385). AnkH 

binding to LARP7 prevents the association with 7SK snRNP, to increase global 

transcription (377). Finally, the Dot/Icm effector RomA (Lpp1683) represses host 

transcription by the methylation of K14 in histone H3 (H3K14) via the SET domain. This 

modification affected a broad range of host promoters, suggesting a global repression of 

transcription (379). In contrast, a homolog of RomA, LegAS4, interacted with ribosomal 

DNA (rDNA) and increased the transcription of rRNA (386). The discrepancy in these 

findings has not yet been explained. 
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In this chapter, we describe a novel role for the Legionella effector protein LegC4 in 

altering the macrophage transcriptome during infection. We initially observed that WT 

L. pneumophila downregulated host GAPDH mRNA expression during infection in a 

Dot/Icm T4SS-dependent manner. Using the large genomic region mutants described in 

Chapters 3 and 4, we ultimately identified a single gene, legC4, which was required to 

downregulate host GAPDH mRNA. RNA sequencing analysis revealed that LegC4 

downregulated a broader subset of host mRNAs that are highly enriched for enzymes, 

including GAPDH, involved in glycolysis and related metabolic pathways.    

5.2 Results 

5.2.1 LegC4 downregulates host GAPDH mRNA levels during L. pneumophila infection. 

While measuring levels of GAPDH mRNA as a control for QRT-PCR, we unexpectedly 

observed that WT L. pneumophila infection of THP1 macrophages resulted in a 

significant decrease in host GAPDH mRNA expression compared to unifected (UI) and 

dotA infected cells. At 6 h post-infection, GAPDH mRNA levels were determined by 

QRT-PCR and analysed by either agarose-gel electrophoresis (Figure 5.1A) or qPCR 

(Figure 5.1B) using -actin mRNA as housekeeping gene control. This suggested that 

WT L. pneumophila inhibits GAPDH mRNA expression during infection in a Dot/Icm 

T4SS-dependent manner. Using the large genomic region deletion mutants strains of 

L. pneumophila previously described in chapter 3, we demonstrated that the E mutant 

strain, reverted GAPDH mRNA expression to the levels observed in UI or dotA-infected 

cells, suggesting that genes within this region of the genome were responsible for this 

phenotype (Figure 5.1). Infection with ΔG mutant also led to an increase in the GAPDH 

mRNA expression level, however, this phenotype is not always reproducible. In one out 

of three independent repeats, ΔG infection led to similar level of GAPDH mRNA to WT-

infected cells (data not shown). Therefore, we decided to focus on identifying the gene 

whose deletion leads to the lack of GAPDH mRNA downregulation in ΔE mutant by 

creating sub-deletion mutants. Subsequent sub-deletions within genomic region E were 

then introduced into the L. pneumophila genome (E2 and E2-2) that ultimately 
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identified a single gene deletion, legC4, sufficient to revert this phenotype (Figure 5.2, 

Table 5.1).  

To confirm this phenotype, trans-complementation was performed by introducing a 

LegC4 protein expression plasmid (pMMB207c_4xHA:legC4) into the ΔlegC4 mutant 

strain. This strain was then used to infect THP-1 macrophages and the relative level of 

GAPDH mRNA was determined using QRT-PCR as above. Expression of LegC4 was 

sufficient to confer downregulation of GAPDH mRNA in the ΔlegC4 strain to levels 

observed in the WT strain (Figure 5.3). Together these data strongly suggest that the 

putative Dot/Icm effector LegC4 is responsible for the downregulation of host GAPDH 

mRNA during L. pneumophila infection. 

5.2.2 GAPDH mRNA downregulation was not due to decreased bacterial fitness 

It may be argued that the inability of ΔlegC4 L. pneumophila to induce GAPDH mRNA 

degradation may be caused by a reduction in bacterial numbers during infection. 

Therefore, to examine the fitness of the ΔlegC4 strain, bacterial numbers during infection 

at 3h, 6h, 24h, and 48h post-infection were enumerated. At all timepoints tested, ΔlegC4 

displayed similar bacterial load to WT L. pneumophila (Figure 5.4), suggesting that the 

deletion of legC4 did not impair bacterial fitness and replication kinetics in THP1 

macrophages. 

5.2.3 LegC4 is translocated by the Dot/Icm T4SS into the host cytosol 

LegC4 was previously predicted to be a Dot/Icm T4SS effector protein (339). To confirm 

the translocation of LegC4 translocation via the Dot/Icm T4SS and examine the sub-

cellular localisation, 4xHA-epitope-tagged LegC4 (pMMB207c_4xHA:legC4) was 

introduced into both WT or ΔdotA L. pneumophila strains and used to infect THP-1 

macrophages. At 6 h post-infection, THP1 macrophages were fixed and stained for LegC4 

(anti-HA) and L. pneumophila (anti-L. pneumophila) as well as the cell nucleus stain 

(Hoescht) and analysed by confocal microscopy (Figure 5.5). 
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Infection by strains carrying the empty pMMB207c_4xHA led to the colocalisation of 

HA signal with the bacteria, suggesting the lack of translocation of HA peptide (Figure 

5.5). Similarly, during infection by ΔdotA L. pneumophila carrying the 4xHA-tagged 

LegC4, HA-tagged LegC4 co-localised with the bacteria (Figure 5.5). In contrast, during 

infection by WT L. pneumophila, 4xHA-tagged LegC4 showed a diffuse staining pattern 

in the cytosol of THP1 macrophages (green) suggesting that it is translocated into the host 

cell cytosol (Figure 5.5). Interestingly, 4xHA-tagged LegC4 did not show strong 

accumulation to the nucleus (Figure 5.5), suggesting LegC4 may also modulates GAPDH 

gene expression in another cell compartment. 

5.2.4 Bioinformatics analysis of LegC4 

Bioinformatics analysis was employed to understand how LegC4 may cause the 

downregulation of host GAPDH mRNA. Using Blastp against non-Legionella spp 

genomes, no homolog was found. Domain prediction using InterPro Scan web server 

against all available databases revealed the presence of a coiled-coil motif near the C 

terminus (322). However, there is no domain predicted, suggesting the absence of known 

conserved domain. Structural homology prediction was then employed using HHPred 

web-server, which predicted the presence of an ankyrin domain at residues 380 to 744 

with a ~95% confidence (325). Ankyrin domain is generally involved in protein-protein 

interaction, and can be associated with multiple distinct functions (387). As such, basic 

bioinformatics alone cannot reveal the mechanism of GAPDH mRNA downregulation by 

LegC4, suggesting that LegC4 may possess a novel domain.   

5.2.5 LegC4 alters the host cell transcriptome during infection 

Our data suggested that LegC4 downregulated GAPDH mRNA but not other mRNAs 

such as ACTB (-actin) used as a control in these experiments (Figure 5.1). We therefore 

wanted to understand whether LegC4 specifically targets GAPDH mRNA expression or 

if it modulates the expression of a broader subset of host genes. To detect changes in the 

host transcriptome, RNA sequencing was performed on THP1 cells infected with WT 

L. pneumophila, as well as ΔdotA, ΔE, and ΔlegC4 mutant strains.  
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At 6 h post-infection, RNA was extracted from infected cells and purified prior to poly-

adenylated RNA enrichment and RNA sequencing. The Homo sapiens genome was used 

to align the trimmed reads. Principal component analysis (PCA) plot was used to 

summarise and visualise the general similarities and differences between samples in each 

replicate (388). The data points clustered by sample type, instead of replicate, suggesting 

the reproducibility of the three replicates (Figure 5.6A). The gene expression of WT-, 

ΔE-, and ΔlegC4-infected cells clustered together, whereas ΔdotA-infected samples were 

segregated, showing that gene expression of ΔdotA-infected cells was different compared 

to WT-, ΔE-, and ΔlegC4-infected cells (Figure 5.6A). To clarify the differences between 

WT, ΔE, and ΔlegC4, ΔdotA sample was excluded from the subsequent analysis. WT-

infected samples were segregated from ΔE- and ΔlegC4-infected samples, suggesting 

possible alteration of gene expression that depended on LegC4 (Figure 5.6A).   

To identify genes that were differentially expressed, differential expression analysis was 

then performed for ΔdotA, ΔE or ΔlegC4 mutant strains versus WT L. pneumophila using 

the DeSeq2 R-package (313) and measured as log2 fold change (LFC) with a cut-off of -

1 < LFC < 1. Statistical p-values were adjusted using the Benjamini-Hochberg method 

(PADJ), and samples with a PADJ value of less than 0.05 were considered significant. As 

summarised in the volcano plots (Figure 5.6B), 2526 genes were upregulated during 

infection by ΔdotA, compared to WT-infected cells, and 2695 genes were downregulated. 

In contrast, compared to WT-infected cells, the large genomic region mutant ΔE 

upregulated only 77 genes and downregulated two genes, and the ΔlegC4 mutant strain 

upregulated 91 genes and downregulated one gene (Figure 5.6B). GAPDH is included 

amongst the 91 upregulated genes in the ΔlegC4 mutant strain (LFC=1.80, 

PADJ=3.55×10-183), thus supporting our earlier results. The observation that the ΔlegC4 

and ΔE mutant strains primarily upregulated gene expression compared to WT-infected 

cells was consistent with a role for LegC4 in downregulating gene expression as observed 

for GAPDH mRNA above.  

To identify the subset of genes regulated by LegC4 with a high degree of confidence, the 

91 genes upregulated in ΔlegC4-infected cells were compared to genes upregulated in 

both ΔE and ΔdotA-infected cells. As shown in the Venn diagram (Figure 5.6C), this 
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analysis identified 50 genes, including GAPDH, that were upregulated in each of the three 

mutant samples (ΔdotA, ΔE, and ΔlegC4) compared to WT L. pneumophila infection. 

These 50 genes are listed in Table 5.2. Notably, the only gene that was downregulated in 

ΔlegC4-infected cells, RNU6-2, was also downregulated in ΔE and ΔdotA-infected cells, 

strongly suggesting that LegC4 increases the expression of this gene (Figure 5.6C, Table 

5.2). Together, these data indicate that WT L. pneumophila downregulates the expression 

of at least 50 host genes and upregulates the expression of one host gene in a LegC4-

dependent manner. 

5.2.6 LegC4 downregulates genes involved in glucose metabolism 

To understand the biological impact of the downregulation of genes by LegC4, the 50 

genes that were upregulated during ΔlegC4, ΔE, and ΔdotA infection were subjected to 

gene ontology (GO) analysis. Using the PANTHER gene list analysis (389), 

approximately 70% of the genes were categorised into metabolic processes. In addition, 

21.1% of these genes were involved in glycolysis (Figure 5.7A). Consistently, gene 

ontology (GO) term enrichment analysis using GO::Term Finder platform (316) also 

revealed enrichment for glycolysis, gluconeogenesis, pyruvate metabolism, ATP 

generation, and NAD metabolism (Figure 5.7B).  

To further analyse the role of these genes, a heatmap of the log2 fold change (LFC) values 

of these genes in ΔlegC4- compared to WT-infected cells was superimposed on the 

canonical glycolysis pathway adapted from the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) database (390) (Figure 5.8). In mammalian cells, glycolysis generates 

energy (ATP and NADH) by converting glucose to pyruvate (or lactate) in the cytosol. 

Pyruvate is then the converted in the mitochondria to acetyl-CoA which enters the TCA 

cycle to generate more NADH and ATP via oxidative phosphorylation (OXPHOS). Many 

other metabolites such as amino-acids and nucleic acids are also generated from various 

intermediates in this pathway.  

Six genes encoding enzymes involved in the central glycolysis or gluconeogenesis 

(reverse of glycolysis) pathways were significantly downregulated by LegC4; HK1 
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(hexokinase-1), GPI (glucose-6-phosphate isomerase), PFK (phosphofructokinase 

platelet isoform), GAPDH, PGK1 (phosphoglyceratekinase-1) and FBP1 (fructose-

bisphosphatase-1) (Figure 5.8, Table 5.2). Furthermore, four genes encode for enzymes 

that contribute to the removal of metabolites from the glycolysis pathway, G6PD 

(glucose-6-phosphate dehydrogenase), PDH (pyruvate dehydrogenase), LDH (lactate 

dehydrogenase), PHGDH (phosphoglycerate dehydrogenase), were also downregulated 

(Figure 5.8, Table 5.2). This clearly showed that LegC4 downregulated the expression 

of many genes encoding essential enzymes involved in the glycolysis/gluconeogenesis 

pathway, suggesting that LegC4 is likely to significantly alter glucose metabolism during 

L. pneumophila infection of macrophages.  

5.3 Discussion 

In macrophages, glucose metabolism influences functionality. Exposure of macrophages 

(M0) to bacterial-derived LPS causes an increase in glycolysis in the cytoplasm and a 

reduction of mitochondrial respiration (OXPHOS), resulting in the transition to M1 

macrophages which display enhanced anti-microbial and pro-inflammatory response 

(391). In contrast, anti-inflammatory cytokines such as IL-4 upregulate OXPHOS, 

resulting in an anti-inflammatory M2 phenotype (392). Therefore, glucose metabolism is 

not only essential for generating energy and other metabolites within the cell but also the 

function of immune cells during infection, or immunometabolism.  

L. pneumophila induces host glycolysis early during infection of macrophages 

independent of the Dot/Icm T4SS (393, 394). This process is most likely due to 

macrophage activation via TLR signalling, as Myd88-/-/Nod1-/-/Nod2-/- macrophages did 

not show increased glycolysis during L. pneumophila infection, suggesting that 

macrophages upregulate glycolysis and pro-inflammatory response to the bacteria (394). 

However, virulent L. pneumophila infection resulted in reduced host-cell glycolysis 

compared to heat-killed or T4SS-deficient mutant, but the effector that contribute to this 

process is currently unknown (394). It has also been reported that mitochondrial 

respiration was inhibited in a T4SS-dependent manner during Legionella infection, in part 
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via the Dot/Icm effector MitF, which caused fragmentation of the mitochondria to 

enhance replication (19). 

In this chapter, a reverse-genetic approach was used to define the role of the 

L. pneumophila effector protein, LegC4, and in downregulation of a specific subset of 

genes encoding enzymes involved in glycolysis and related metabolic pathways. We 

experimentally confirmed that LegC4 was efficiently translocated into the host cytoplasm 

in a Dot/Icm-dependent manner. Despite the ability of LegC4 to downregulate host 

mRNA, no conserved RNA-binding domain was found in the amino acid sequence of 

LegC4, suggesting that LegC4 may either possess a novel RNA binding motif or act 

indirectly to mediate the mRNA downregulation. 

The downregulation in glycolysis gene mRNA by LegC4 may lead to reduced 

macrophage glycolysis and subsequent reduction in the pro-inflammatory M1 

macrophage phenotypes. However, since the ∆legC4 null mutant strain was able to 

proficiently replicate in human and mouse macrophages, LegC4-dependent targeting of 

glucose metabolism is dispensable for L. pneumophila replication within the macrophage 

host. One study reported that neither the inhibition nor induction of host glycolysis 

affected L. pneumophila replication in murine BMDMs, perhaps suggesting modulation 

of host glucose metabolism is dispensible for in vitro replication (394). However, 

dampening glycolysis may also affect the functionality of macrophages and subsequent 

recruitment and activation of other immune cells that aid in the clearance of pathogen 

(395), and this may be better represented in vivo rather than in vitro. Despite this, we did 

not observe any significant replication defect of ΔlegC4 during infection of either A-

strain mice or C57BL/6 mice (previously discussed in chapter 4, Figure 4.11, 4.12). 

Hence the functional importance of LegC4 dampening of glycolysis during 

L. pneumophila infection is unclear. A previous study has shown that transposon 

disruption of legC4 (legC4::Tn) within aflagellated L. pneumophila modestly increased 

bacterial load during C57BL/6 mouse lung infection. The authors also found that the 

overexpression of LegC4 modestly enhanced IL-12 production during pulmonary 

infection of mice (334). While we were unable to reproduce these phenotypes, we found 

that LegC4 enhanced host IFNγ secretion in A-strain mice, but not C57BL/6 mice (Figure 
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4.13, 4.14). This suggests that LegC4 may increase the pro-inflammatory response during 

infection and contradicts our hypothesis that LegC4 ineterferes with M1 macrophage 

activation by dampening host glycolysis.  Therefore, to properly evaluate the role of 

LegC4 during L. pneumophila intracellular replication, more studies need to be 

conducted. Firstly, the downregulation of key glycolytic enzymes should be examined at 

the protein level. Additionally, the direct measurement of glycolytic activity of infected 

cells, such as using the Seahorse bioanalyzer or measuring lactate production, is needed 

to confirm the impact of LegC4 on host glycolysis. Secondly, whether LegC4 alters the 

macrophage inflammatory phenotype needs to be confirmed, for instance by measuring 

the level of pro-inflammatory cytokine secretion during infection of macrophages in vitro. 

Finally, whether LegC4 alters the activation status of key IFNγ producers such as NK and 

T cells should be investigated in vivo using flow cytometry.  

Another outstanding question is how LegC4 downregulates host gene expression during 

infection. Although a number of Dot/Icm effector proteins have been shown to directly 

act on the transcriptional machinery within the host cell nucleus, LegC4 predominantly 

localised outside the nucleus. This implies that LegC4 is unlikely to target transcription 

but rather acts on cytosolic mRNA or cytosolic processes that lead to decreased levels of 

mRNA. Therefore, future studies should elucidate the mechanism of action of LegC4 by 

examining whether LegC4 directly binds and degrades mRNAs or acts indirectly on 

certain pathways that result in mRNA downregulation. The intracellular bacterial 

pathogen Mycobacterium tuberculosis, for example, restrains host glycolysis by 

modulating miRNA-21 (miR-21), a small RNA that regulates one of the central enzymes 

involved in glycolysis, phosphofructokinase (PFK) (396) (Figure 5.8). 

In addition to the upregulation of metabolic genes, one gene, RNU6-2 was downregulated 

during ∆legC4 infection, suggesting that WT L. pneumophila upregulates this host gene 

through LegC4. RNU6-2 encodes for U6 snRNA-2, a small nuclear RNA (snRNA) that 

belongs to the U6 snRNA family. U6 snRNA is a vital component of the spliceosome that 

coordinates Mg2+ ion to perform the splicing chemistry (397). There are more than 900 

U6 snRNA copies in the human genome, but only four are actively transcribed, including 

U6 snRNA 2 (398, 399). Notably, instead of being poly-adenylated, U6 snRNA has a 
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short oligo-uridyl (oligo-U) tail (4-7 nucleotides) upon transcription termination (400). 

As poly-A-tail RNA enrichment was performed before RNA sequencing, this gene should 

not have been present in the sequenced samples. However, U6 snRNA may be poly-

adenylated at the 3’ end post-transcriptionally, potentially leading to the degradation of 

U6 snRNA via the exosome (401, 402). As such, it is possible that instead of increasing 

the expression of U6 snRNA, LegC4 increased the abundance of poly-adenylated U6 

snRNA species, perhaps leading to a reduced abundance of the spliceosome, which may 

impact splicing and RNA biogenesis. However, none of the other spliceosome 

components were differentially expressed in ∆legC4 compared to WT. As such, 

investigation into the impact of LegC4 on the host spliceosome can be done to further 

understand this phenotype. 

In summary, using the large genomic region deletion mutants, we identified LegC4 as a 

Dot/Icm effector protein that mediates the downregulation host GAPDH mRNA, as well 

as 90 other genes. The deletion of legC4 did not result in a significant reduction of 

replication, which is not surprising for a single Dot/Icm T4SS effector. LegC4 was 

translocated to the host cell cytosol by the Dot/Icm T4SS, suggesting its potential action 

in the host cytosol. Of the 91 host genes, there was an enrichment of genes involved in 

the glycolysis/gluconeogenesis pathway. In addition to these, LegC4 also upregulated a 

component of the spliceosome complex. These findings may provide clues to the action 

of LegC4. Overall, while this data is very exciting, more studies are required to 

understand fully the action and impact of LegC4 during L. pneumophila infection. 
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Table 5.1. Sub-deletions of region E2 

Gene Name Sub-region 

LPW_19981   

E2-1 
LPW_19991   

LPW_20001   

LPW_20011   

LPW_20021   

E2-2 
LPW_20031   

LPW_20041 legC4 

LPW_20051   

LPW_20061   

E2-3 
LPW_20071   

LPW_20081   

LPW_20091 LtpG 

 Genes encoding for Dot/Icm effectors are printed in bold.  
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Table 5.2. List of genes commonly upregulated in ΔlegC4, ΔE, and ΔdotA 

Gene Name Gene description 
ΔlegC4 ΔE ΔdotA 

LFC PADJ LFC PADJ LFC PADJ 

GAPDHP72 

glyceraldehyde-3-phosphate dehydrogenase 

pseudogene 72  2.00 2.28E-16 2.13 7.95E-19 1.79 9.98E-15 

LDHBP2 lactate dehydrogenase B pseudogene 2  2.00 9.24E-27 1.90 3.30E-24 1.66 3.41E-20 

EXOSC5 exosome component 5  1.91 1.45E-24 1.93 3.04E-25 1.76 1.28E-22 

FBP1 fructose-bisphosphatase 1 1.91 3.06E-16 1.99 8.36E-18 1.35 2.57E-09 

LDHB lactate dehydrogenase B  1.83 4.11E-84 1.84 1.65E-84 1.55 1.13E-61 

SLC25A4 solute carrier family 25 member 4 1.82 1.93E-19 1.73 1.25E-17 1.93 1.10E-24 

GAPDH glyceraldehyde-3-phosphate dehydrogenase  1.80 3.35E-183 1.73 1.45E-169 1.47 1.21E-124 

NDUFA9 NADH:ubiquinone oxidoreductase subunit A9  1.74 4.32E-26 1.59 8.09E-22 1.77 4.26E-30 

PDHB pyruvate dehydrogenase E1 beta subunit 1.70 7.41E-87 1.70 1.22E-87 2.09 1.51E-140 

PECR peroxisomal trans-2-enoyl-CoA reductase 1.63 1.81E-12 1.49 2.06E-10 1.21 5.12E-08 

PHGDH phosphoglycerate dehydrogenase  1.59 2.51E-57 1.56 3.51E-55 1.03 2.34E-25 

CCT7 chaperonin containing TCP1 subunit 7  1.58 1.21E-180 1.43 2.91E-148 1.57 1.11E-184 

IFI27 interferon alpha inducible protein 27  1.56 1.02E-05 1.62 3.48E-06 2.15 4.17E-12 

SLC25A5 solute carrier family 25 member 5  1.56 8.24E-167 1.52 4.70E-159 1.24 1.43E-108 

IFI27L2 interferon alpha inducible protein 27 like 2  1.56 1.98E-14 1.56 1.26E-14 1.25 1.44E-10 

PGK1 phosphoglycerate kinase 1  1.53 1.06E-74 1.46 9.43E-68 1.38 1.77E-62 

SLC25A11 solute carrier family 25 member 11 1.53 2.93E-53 1.52 1.13E-52 1.49 1.34E-53 

HPRT1 hypoxanthine phosphoribosyltransferase 1  1.50 1.42E-46 1.47 2.06E-44 1.39 4.50E-42 

TKFC triokinase and FMN cyclase  1.46 5.61E-11 1.38 8.98E-10 1.39 2.61E-11 

HADH hydroxyacyl-CoA dehydrogenase 1.46 2.53E-53 1.34 8.86E-45 1.51 7.88E-61 

ABCG2 ATP binding cassette subfamily G member 2  1.44 2.16E-10 1.18 5.89E-07 2.36 4.63E-31 

ABHD4 abhydrolase domain containing 4  1.43 4.75E-80 1.37 5.64E-73 1.67 7.85E-115 
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Gene Name Gene description 
ΔlegC4 ΔE ΔdotA 

LFC PADJ LFC PADJ LFC PADJ 

AC010618.1 6-phosphogluconolactonase 1.42 6.75E-28 1.40 3.77E-27 1.14 1.55E-19 

ALDH3B1 aldehyde dehydrogenase 3 family member B1  1.40 7.84E-20 1.21 1.38E-14 1.17 1.90E-15 

CBR4 carbonyl reductase 4  1.36 1.18E-14 1.11 1.11E-09 2.39 3.65E-52 

UNC45A unc-45 myosin chaperone A 1.34 2.96E-27 1.28 6.73E-25 1.61 1.98E-42 

SERHL2 serine hydrolase like 2 1.32 2.12E-17 1.43 1.01E-20 1.70 8.90E-33 

JUP junction plakoglobin 1.32 6.18E-05 1.39 1.60E-05 1.79 3.34E-10 

LANCL1 LanC like 1 1.29 2.37E-34 1.17 3.10E-28 2.15 9.88E-105 

STOML2 stomatin like 2  1.27 1.01E-55 1.20 4.99E-50 1.52 2.75E-86 

LAS1L LAS1 like, ribosome biogenesis factor 1.25 3.89E-49 1.15 4.37E-41 1.32 7.86E-60 

AC006064.4 novel transcript, antisense to GAPDH 1.25 6.50E-04 2.07 1.53E-10 1.52 1.00E-06 

SFXN3 sideroflexin 3 1.22 7.40E-51 1.22 3.78E-51 1.42 1.15E-72 

G6PD glucose-6-phosphate dehydrogenase 1.20 1.24E-27 1.07 5.93E-22 1.13 1.60E-26 

COPG2 coatomer protein complex subunit gamma 2 1.18 6.24E-22 1.14 8.89E-21 1.58 6.24E-44 

PARVA parvin alpha 1.16 9.43E-23 1.06 3.68E-19 1.26 1.45E-29 

UROD uroporphyrinogen decarboxylase 1.16 8.92E-53 1.12 4.57E-50 1.34 5.31E-77 

NT5DC1 5'-nucleotidase domain containing 1 1.15 2.30E-17 1.12 1.28E-16 1.42 1.64E-29 

GPI glucose-6-phosphate isomerase 1.13 8.94E-34 1.04 1.24E-28 1.24 6.17E-43 

DCTN2 dynactin subunit 2 1.13 5.08E-60 1.04 1.89E-50 1.16 1.10E-67 

MPI mannose phosphate isomerase 1.12 4.97E-20 1.21 6.94E-24 1.51 1.19E-41 

FH fumarate hydratase 1.11 2.75E-34 1.00 8.79E-28 1.30 3.64E-50 

KPNB1 karyopherin subunit beta 1 1.10 9.38E-76 1.01 6.73E-64 1.56 1.51E-158 

PYCR2 pyrroline-5-carboxylate reductase 2 1.10 9.60E-45 1.10 3.09E-45 1.48 8.34E-89 

HK1 hexokinase 1  1.08 1.62E-08 1.16 5.97E-10 1.74 1.47E-25 

NCKAP1L NCK associated protein 1 like 1.08 6.25E-71 1.08 9.71E-72 1.12 6.78E-79 
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Gene Name Gene description 
ΔlegC4 ΔE ΔdotA 

LFC PADJ LFC PADJ LFC PADJ 

SLC25A20 solute carrier family 25 member 20  1.06 1.28E-20 1.18 5.15E-26 1.53 3.92E-48 

SDSL serine dehydratase like 1.04 5.98E-08 1.14 1.44E-09 1.22 2.39E-12 

FES FES proto-oncogene, tyrosine kinase 1.00 3.52E-09 1.22 1.45E-13 1.11 1.97E-12 

RAP1GDS1 Rap1 GTPase-GDP dissociation stimulator 1 1.00 9.71E-28 1.00 6.73E-28 1.30 3.33E-50 
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Figure 5.1. Downregulation of host GAPDH mRNA during L. pneumophila infection. 

(A) cDNA from uninfected cells and cells infected with WT or mutant strains were 

amplified using either GAPDH or β-actin primers. PCR product was run on 3% agarose 

gel and visualized. Image is representative of 3 independent repeats. (B) Level of GAPDH 

mRNA quantified using QRT-PCR. Data was normalized using β-actin as housekeeping 

gene control. Bars represent mean +/- SEM. Statistical significance was determined by 

one-way ANOVA, with multiple comparison performed against WT (* p < 0.05, ** p <  

0.01, *** p < 0.001, **** p < 0.0001).    
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Figure 5.2. LegC4 downregulates host GAPDH mRNA during infection.  

(A) cDNA from uninfected cells and cells infected with WT or mutant strains were 

amplified using either GAPDH or β-actin primers. PCR product was run on 3% agarose 

gel and visualized. Image is representative of 3 independent repeats. Numbers on top of 

the figure indicates the hierarchy of sub-deletion mutants. First, the entire region E was 

deleted (1). Second, region E is divided into four regions E1, E2, E3, and E4 (2). Third, 

region E2 was divided into three regions E2-1, E2-2, and E2-3 (3). Finally, a single gene 

from region E2-2 was deleted (4). (B) Level of GAPDH mRNA quantified using 

quantitative RT-PCR (qRT-PCR). Data was normalized using β-actin as housekeeping 

gene control. Bars represent mean +/- SEM. Statistical significance was determined by 

one-way ANOVA with multiple comparison against WT (* p < 0.05, ** p <  0.01, *** p 

< 0.001, **** p < 0.0001).    
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Figure 5.3. Trans-complementation of LegC4 rescued GAPDH downregulation 

phenotype. 

Level of GAPDH mRNA in cells infected with WT, ∆dotA, ∆legC4, and ∆legC4 

expressing plasmid-borne legC4 determined by qRT-PCR. Data was normalized to β-actin 

as housekeeping gene control. Log2 fold change of expression compared to uninfected 

samples were plotted. Bars represent mean +/- SEM, and statistical significance was 

determined using one-way ANOVA (* p < 0.05, ** p <  0.01, *** p < 0.001, **** p < 

0.0001).   
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Figure 5.4. ∆legC4 efficiently replicates in THP1 macrophages. 

Bacterial CFU was quantified after infection of THP1 macrophages at 3 h, 6 h, 24 h, and 

48 h post-infection. Each data point represents mean +/- SEM, and statistical significance 

was determined using unpaired t-test (* p < 0.05, ** p <  0.01, *** p < 0.001, **** p < 

0.0001).  
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Figure 5.5. LegC4 was translocated to host cytosol by the Dot/Icm T4SS. 

Immunofluorescence (IF) of cells infected by either WT or ∆dotA strain carrying empty 

pMMB207c_4xHA vector or pMMB207c_4xHA:legC4. Cells were fixed with 4% PFA, 

permeabilized with Triton X-100, and stained with anti-HA antibody (green), anti-

L. pneumophila antibody (red), and Hoechst (blue). Images are representative of 3 

independent repeats. 
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Figure 5.6. L. pneumophila alters host transcriptome dependently on LegC4.  

(A) Principal component analysis (PCA) plot to visualize the differences of each sample. 

(B) Differential gene expression of mutant-infected cells compared to WT-infected cells 

were visualized in volcano plots. Blue dots represent data points with adjusted p-value 

(PADJ) > 0.05, whereas red dots represent data points with PADJ < 0.05. The dotted lines 

marked log2 fold change at -1 and 1. (C) Diagram showing the numbers of differentially 

expressed genes in each mutant-infected cells compared to WT-infected cells. 
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Figure 5.7. Genes involved in glucose metabolism were upregulated in mutant-

infected cells.  

(A) Genes upregulated in mutant-infected cells compared to WT-infected cells were 

deposited using PANTHER gene list analysis. Pie chart illustrated the molecular 

processes where genes were categorized. (B) Gene ontology (GO) term enriched amongst 

the upregulated genes were identified using GO Term::Finder and plotted against the –

log p-value after correction with Bonferroni correction.  
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Figure 5.8. Genes involved in host glycolysis/gluconeogenesis pathway were 

upregulated in ∆legC4-infected cells. 

Log2 fold change (LFC) of genes involved in glycolysis/gluconeogenesis pathway in 

∆legC4 infected cells compared to WT-infected cells were superimposed with the 

glycolysis/gluconeogenesis pathway. Coloured boxes indicate the LFC value as shown in 

the legend.  
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Chapter 6  

Perspective 

 

L. pneumophila is an accidental human pathogen that causes a severe pneumonia in 

immunocompromised people, termed Legionnaires’ disease  (1, 2). Naturally, to survive 

predation and persist in the environment, L. pneumophila replicates in multiple species 

of amoebae. These protozoan hosts protect the bacteria from environmental stresses such 

as nutrient starvation, chlorine-based disinfectant and antibiotics (60, 62, 403), which has 

helped L. pneumophila to emerge as a human pathogen. This evolution and relationship 

with protozoan hosts has allowed L. pneumophila to also infect and replicate in human 

macrophages (63, 348). Indeed, macrophages show some remarkable similarities to 

amoeba. Not only are macrophages motile and capable of distinguishing self from non-

self, they also share some cell surface receptors with amoebae and can phagocytose 

microbes (404). Thus, microbes that survive in amoebae, such as Legionella, 

Mycobacteria, Burkholderia, and Pseudomonas, often also survive in macrophages. 

Consistently, the intracellular life cycle of L. pneumophila is considered very similar in 

mammalian and protozoan hosts (62, 255). Furthermore, LCV proteomics studies have 

revealed that during infection of macrophages and the protozoan host D. discoideum, host 

proteins involved in similar processes were recruited to the LCV (134, 286-289), 

suggesting that L. pneumophila manipulates similar host pathways to allow bacterial 

survival.  

Central to the survival of L. pneumophila in both amoebae and macrophages is the 

Dot/Icm T4SS (208, 238, 239). The Dot/Icm T4SS is very well-conserved amongst 58 

sequenced Legionella species, confirming its importance for bacterial survival (72, 74). 

The Dot/Icm T4SS secretes over 330 effectors into the host cells that manipulate host 

processes and enable bacterial replication. Given the large effector repertoire, deletion of 

one effector gene often does not result in a significant reduction in virulence, which is 

frequently attributed to functional redundancy. This makes the identification of effectors 

important for the manipulation of host processes and bacterial replication challenging.  

To circumvent this problem, in this study, we generated large genomic region deletion 

mutants to allow the identification of effectors important for bacterial replication in three 

different host models: THP1 human macrophage cell line, A. castellanii, and A-strain 
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mice. We found that using macrophage cell line in vitro was insufficient to identify 

Dot/Icm effectors implicated during L. pneumophila replication. No phenotype was 

observed in THP1 macrophages for any of the deletion mutants, whereas multiple 

phenotypes were found in A-strain mice. Deletion of homologous genomic regions in the 

L. pneumophila Philadelphia-1 strain also led to no difference during infection of 

BMDMs derived from A-strain mice (338), thus eliminating species differences as a 

contributing factor. 

Importantly, here we showed that the ΔE mutant displayed a significant reduction in 

bacterial load in A-strain mice and A. castellanii, possibly hinting at the importance of 

this genomic region to sustain bacterial replication in these hosts, and supporting the 

hypothesis that virulence factors that evolved to allow bacterial replication in amoebae 

also enable replication in mammals. However, we found different outcomes of infection 

in mammalian compared to protozoan host as summarized in Table 6.1. This result 

corroborates other studies, which showed different phenotypes in mammalian compared 

to protozoan hosts. For instance, different sets of genes were important for replication in 

A. castellanii, compared to NLRC4-/- mice or NLRC4-/- mice-derived BMDMs (334). 

Furthermore, different sets of L. pneumophila genes were expressed upon infection of 

mammalian hosts compared to protozoan hosts (405). 

These differences likely reflect different requirements for replication in different hosts. 

Amoebae are unicellular organisms that alternate between a metabolically active 

trophozoite and dormant cyst to survive unfavourable conditions (406). As such, 

L. pneumophila may require different strategies to survive in these distinct environments, 

a requirement that is absent in macrophages. On the other hand, unlike amoebae, 

macrophages exist in a network with other cell types as part of the host innate immune 

response. In this network, secondary messenger molecules such as cytokines and 

chemokines exist to allow immune cell recruitment and to mediate cell to cell 

communications, a feature that is not required in a unicellular organism such as amoebae. 

Consistently, the transcriptome of macrophages infected with L. pneumophila showed a 

significant enrichment in genes involved in the host innate immune response (296, 375, 

376), whereas the transcriptome of D. discoideum after infection with L. pneumophila 

reflects the manipulation of host metabolism and vesicular trafficking (407). This 
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suggests despite some similarities, L. pneumophila still require different resources to 

successfully infect different hosts.  

Another difference between amoebae and macrophages is that targeting the same host 

pathway may lead to different consequences in the different hosts. In this study, we 

identified that LegC4, a Dot/Icm effector, downregulated the mRNA of genes involved 

in glucose metabolism. Our lab also showed that LegC4 downregulated GAPDH mRNA 

during infection of A. castellanii (Dr Kathleen McCaffrey, personal communication). 

Downregulation of glucose metabolism in the protozoan host may lead to an increase in 

glucose availability which can then be taken up and utilized by L. pneumophila. In 

addition to increasing glucose availability, the downregulation of glucose metabolism in 

macrophages may alter the host inflammatory status (408). Silencing of enzymes 

involved in glucose metabolism is linked with reduced pro-inflammatory macrophage 

response (409, 410). However, contrary to this, we also found that infection with ΔlegC4 

led to a significant reduction in pulmonary IFNγ level, suggesting that LegC4 may 

enhance the host immune response. Thus, more studies are required to unravel this 

paradox. Regardless of how LegC4 enhanced pulmonary pro-inflammatory response 

while also downregulating host glycolysis gene mRNAs, it seems that downregulation of 

glucose metabolism in protozoan host should result in different outcomes. The immune 

response in amoebae is primitive and far less complex compared to mammals (30). 

Therefore, targeting the same pathways in different host can lead to different 

consequences.  

These differences between hosts translate to a requirement for distinct virulence factors 

to survive. In addition to the acquisition of virulence factors, specialization to infect 

another host may involve the loss of genomic regions. Bordetella parapertussis, 

Bordetella bronchiseptica, and Bordetella pertussis form a monophyletic group, 

suggesting a common ancestor (411). B. pertussis has undergone genome reduction, and 

hence specialisation to infect humans, which led to a loss in ability to utilise amoebae as 

a host, whereas, similar to L. pneumophila, B. bronchiseptica and B. parapertussis 

maintain the ability to replicate in protozoan hosts (411). This suggests that genes 

important for replication in protozoan hosts may not be beneficial to allow mammalian 

infection.  
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To date, studies suggest that L. pneumophila may not be well adapted to infecting 

macrophages, and remains an accidental pathogen of humans. For instance, there is no 

evidence of any genome reduction in L. pneumophila upon genome comparison with 

other Legionella species that only infect amoebae (72, 74).  Additionally, a mutant lacking 

31% of the genome displayed a severe replication defect in protozoa, but not macrophages 

(338). Consistently, all our mutants were able to efficiently replicate in THP1 

macrophages, whereas four of these mutants displayed a severe reduction in replication 

in A. castellanii. This may suggest that certain genomic regions that were evolved to aid 

replication in protozoa may not be important for replication in macrophages. Even more 

strikingly, genes essential for replication in protozoa may be deleterious to bacterial 

replication in mammalian hosts (334, 348). In our study, four out of six tested genomic 

regions appeared disadvantageous for L. pneumophila replication during lung infection 

of A-strain mice. Infection by mutants lacking these regions also led to more severe 

weight loss. Of the four regions, three were important for L. pneumophila replication in 

A. castellanii. Δlpw_04861, that showed an increase in survival in A-strain mice, lacked 

a Dot/Icm effector that is well-conserved amongst at least 52 species in the Legionella 

genus. Hence, while replication in protozoa may have allowed greater bacterial survival 

in macrophages, L. pneumophila is better adapted to infecting amoebae. What may trigger 

the specialisation of a bacterial pathogen to adapt to a human host remains unclear. 

L. pneumophila possesses a highly plastic genome that enables the acquisition of 

virulence factors. However, humans are a dead-end host for L. pneumophila as only one 

potential person-to-person transmission case has ever been reported (412). Thus, the 

evolution of L. pneumophila to adapt to human transmission is unlikely to occur. 

Together, these highlight the importance of protozoa as the reservoir of L. pneumophila 

in the environment. Therefore, to prevent Legionnaires’ disease, proper measures to 

control levels of environmental bacteria and amoebae should be implemented at all times.  

The treatment of L. pneumophila as an opportunistic intracellular pathogen relies on the 

effectiveness of broad range antimicrobials such as macrolides, floroquinolones, and 

rifampicin (31). Recently, the emergence of antimicrobial resistance in L. pneumophila 

has called for the development of novel therapeutics (31, 413). Our study suggests that 

some genes maintained in the L. pneumophila genome are deleterious to bacterial 

replication in mammalian hosts. These genes are not restricted to Dot/Icm effectors. For 
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example, mutants deficient in lysine biosynthesis genes lysA/B are unable to replicate in 

A. castellanii, but displayed an enhanced virulence in the murine BMDMs (414). 

Furthermore, flagella are important for bacterial survival in A. castellanii, however 

flagellin is deleterious in murine infection by activating the NLRC4 inflammasome (170). 

We have not yet discovered the genes responsible for the increase in survival of ΔA, ΔD, 

and ΔFGHI, but, in addition to the Dot/Icm effectors, there are transporters of unknown 

function, bacterial cell wall components, and efflux system components deleted in these 

mutants (Appendix 1). Therefore, the genes responsible for the increase in survival 

during murine infection need to be identified, to avoid targeting these genes for novel 

therapeutics, as this may inadvertently increase bacterial burden.  

In summary, the ability of L. pneumophila to survive in protozoa likely allows replication 

of the pathogen in alveolar macrophages. However, L. pneumophila is less adapted to 

infecting macrophages due to the presence of genes deleterious for bacterial replication 

in mammalian tissues, suggesting that protozoa remain the most important reservoir of 

L. pneumophila. This highlights the need to control environmental sources of the bacteria. 

The identification of genes disadvantageous to replication in mammalian tissues need to 

be done in order to prevent targeting these genes for novel therapeutics and to monitor 

the adaptation of L. pneumophila to infecting mammalian hosts.   
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Table 6.1. Comparison of L. pneumophila mutants phenotypes in different hosts 

Mutant THP1 A. castellanii A-strain mice 

ΔA No difference No difference Increased CFU 

ΔB No difference Reduced CFU Increased CFU 

ΔC No difference No difference No difference 

ΔD No difference No difference Increased CFU 

ΔE No difference Reduced CFU Reduced CFU 

ΔF No difference Reduced CFU Not tested 

ΔG No difference Reduced CFU Not tested 

ΔH No difference No difference Not tested 

ΔI No difference Reduced CFU Not tested 

ΔFGHI No difference Reduced CFU 

Increased CFU, 

reduced CFU at later 

time point 
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Appendix 1. List of genes deleted in each genomic region and their homologs in Philadelphia-1 strain. 

 

A Gene Name Homolog E value* 

 LPW_00071 Rav A hypothetical protein lpg0008 0 

 LPW_00081  host factor-I protein for bacteriophage Q beta 2.00E-58 

 LPW_00091  GTP binding protein HflX 0 

 LPW_00101  thiol-disulfide oxidoreductase 2.00E-114 

 LPW_00111 CegC1 hypothetical protein lpg0012 0 

 LPW_00121  pirin 0 

 LPW_00131  transmembrane protein 0 

 LPW_00141  multidrug resistance protein 0 

 LPW_00151  hypothetical protein lpg0016 0 

 LPW_00161  hypothetical protein lpg0017 0 

 LPW_00171  outer membrane efflux protein 0 

 LPW_00181  multidrug-efflux system transmembrane protein 3.2 

 LPW_00191  hemagglutinin/protease, zinc metalloprotease 0 

 LPW_00201  hypothetical protein lpg0020 0 

 LPW_00211  hypothetical protein lpg0021 1.00E-111 

 LPW_00221  23S rRNA m(2)G2445 methyltransferase 0 

        

B Gene Name Homolog E value* 

 LPW_04831 ankY/legA9 hypothetical protein lpg0401 3.00E-144 

 LPW_04841 ankG/an ankyrin repeat-containing protein 0 

 LPW_04851  amino acid antiporter 0 

 LPW_04861  hypothetical protein lpg0405 3.00E-125 

        

C Gene Name Homolog E value* 
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 LPW_11451 Lem4 hypothetical protein lpg1101  0 

 LPW_11461  hypothetical protein lpg1102 0 

 LPW_11471  hypothetical protein lpg1103 0 

 LPW_11481  hypothetical protein lpg1104 0 

 LPW_11491  methionine sulfoxide reductase B  1.00E-122 

 LPW_11501  hypothetical protein lpg1106 0 

 LPW_11511  amino acid permease 3.2 

 LPW_11521  transporter family protein 3.00E-91 

 LPW_11531 ravL lipase 0 

 LPW_11541  hypothetical protein lpg1109 1.00E-142 

 LPW_11551  hypothetical protein lpg1109 0 

 LPW_11561  hypothetical protein lpg2171 1.80E+00 

 LPW_11571 Lem5 hypothetical protein lpg1110 2.00E-154 

 LPW_11581 RavN hypothetical protein lpg1111 3.00E-148 

        

D Gene Name Homolog E value* 

 LPW_16861 legL3 hypothetical protein lpg1660 0 

 LPW_16871  hypothetical protein lpg1661  0 

 LPW_16881  transporter  4.00E-106 

 LPW_16891  hypothetical protein lpg1663  4.00E-120 

 LPW_16901  penicillin binding protein 1C 0 

 LPW_16911  hypothetical protein lpg1665  0 

 LPW_16921  hypothetical protein lpg1666 0 

 LPW_16931  hypothetical protein lpg1667 0 

 LPW_16941  hypothetical protein lpg1668  0 

 LPW_16951  hypothetical protein lpg2087 0.55 

 LPW_16961  alpha-amylase 0 

 LPW_16971  hypothetical protein lpg1670  0 
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E Gene Name Homolog E value* 

 LPW_19951 lem16 hypothetical protein lpg1947 7.00E-157 

 LPW_19961 lem17 hypothetical protein lpg1949 0.00E+00 

 LPW_19971 ralF guanine nucleotide exchange protein 0.00E+00 

 LPW_19981  mercuric reductase 2.30E+00 

 LPW_19991  hypothetical protein lpg1969  3.70E-01 

 LPW_20001  transposase (ISSod13)  6.00E-14 

 LPW_20011  hypothetical protein lpg1370 1.80E-01 

 LPW_20021  hypothetical protein lpg1951 0.00E+00 

 LPW_20031  3',5'-cyclic-nucleotide phosphodiesterase 0.00E+00 

 LPW_20041 legC4 hypothetical protein lpg1953 0.00E+00 

 LPW_20051  hypothetical protein lpg1954 1.00E-137 

 LPW_20061  permease 0.00E+00 

 LPW_20071  chloromuconate cycloisomerase 0.00E+00 

 LPW_20081  EbhA protein 0.00E+00 

 LPW_20091 ltpG ankyrin repeat-containing protein  4.30E-01 

 LPW_20101  hypothetical protein lpg1959 0.00E+00 

 LPW_20111 lirA hypothetical protein lpg1960  0.00E+00 

 LPW_20121  hypothetical protein lpg1961 0.00E+00 

 LPW_20131 lirB peptidyl-prolyl cis-trans isomerase 2.00E-132 

 LPW_20141 lirE/pieC hypothetical protein lpg1965 0.00E+00 

 LPW_20151 lirF/pieD hypothetical protein lpg1966  0.00E+00 

 LPW_20161  malonyl CoA-ACP transacylase  1.80E-01 

 LPW_20171  TetR family transcriptional regulator 2.00E-131 

 LPW_20181  hypothetical protein lpg1968  2.00E-163 

 LPW_20191  hypothetical protein lpg1832 1.58E-01 

 LPW_20201 pieE hypothetical protein lpg1969 0.00E+00 
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F Gene Name Homolog E value* 

  LPW_23101  calmodulin-dependent protein kinase 0.00  

 LPW_23111  LysR family transcriptional regulator 0.00  

 LPW_23121  pyridoxamine 5'-phosphate oxidase 3.00E-131 

  LPW_23131  MarR family transcriptional regulator  3.00E-87 

  LPW_23141  glucose-1-dehydrogenase 0.00  

  LPW_23151  hypothetical protein lpg2142 6.00E-32 

  LPW_23161  rhodanese domain-containing protein  4.70  

  LPW_23171  hypothetical protein lpg2143 0.00  

  LPW_23181  F-box protein 4.00E-124 

  LPW_23191  two component response regulator protein 2.00E-84 

  LPW_23201  response regulator TutC 0.00  

  LPW_23211  hypothetical protein lpg2147  0.00  

  LPW_23221  hypothetical protein lpg2148  0.00  

  LPW_23231  hypothetical protein lpg2149 2.00E-79 

  LPW_23241  hypothetical protein lpg2150  5.00E-118 

  LPW_23251  aminoglycoside 6-adenylyltransferase  0.00  

  LPW_23261  multidrug resistance ABC transporter ATP-binding  0.00  

  LPW_23271  Sid related protein-like 0.00  

  LPW_23281  Sid related protein-like  0.00  

  LPW_23291  hypothetical protein lpg2155  0.00  

  LPW_23301  Sid related protein-like  0.00  

  LPW_23311  N/A   

  LPW_23321  N/A   

  LPW_23331  Sid related protein-like 0.00  

  LPW_23341  hypothetical protein lpg2158  3.00E-150 

  LPW_23351  hydroxyneurosporene (C20) methyltransferase CrtF 0.00  
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  LPW_23361  hypothetical protein lpg2160 0.00  

  LPW_23371  hypothetical protein lpg012 4.50  

  LPW_23381  hypothetical protein lpg2161 0.00  

  LPW_23391  hypothetical protein lpg2162  3.00E-151 

  LPW_23401  AraC family transcriptional regulator 0.00  

  LPW_23411  sensory box protein 0.75  

  LPW_23421  hypothetical protein lpg2164  6.00E-96 

  LPW_23431  sulfatase 0.68  

  LPW_23441  hypothetical protein lpg2165  2.00E-92 

  LPW_23451  hypothetical protein lpg2166 0.00  

  LPW_23461  DeoR family transcriptional regulator  6.00E-161 

  LPW_23471  acetyltransferase 1.00E-82 

  LPW_23481  acetyltransferase 1.00E-52 

  LPW_23491  hypothetical protein lpg2169  4.00E-89 

  LPW_23501  hypothetical protein lpg2170  5.00E-142 

  LPW_23511  LuxR family transcriptional regulator  2.00E-18 

  LPW_23521  conjugative transfer: assembly  0.15  

  LPW_23531  ribosomal large subunit (23S rRNA) pseudouridine 0.16  

  LPW_23541  hypothetical protein lpg2128  8.00E-05 

  LPW_23551  (2-pyrone-4,6-)dicarboxylic acid hydrolase  1.00E-173 

  LPW_23561  sphingosine-1-phosphate lyase I 0.00  

        

G Gene Name Homolog E value* 

 LPW_26241 ceg29 hypothetical protein lpg2409 0 

 LPW_26251  sensor histidine kinase 1.00E-86 

 LPW_26261 vpdA patatin-like phospholipase  0 

 LPW_26271  N/A   

 LPW_26281 lem24 hypothetical protein lpg2411 0 
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 LPW_26291  transposase (ISmav2) 0.59 

 LPW_26301  beta-lactamase  0 

 LPW_26311  hypothetical protein lpg2413 2.00E-103 

 LPW_26321  sulfate transporter 2.8 

 LPW_26331  hypothetical protein lpg2414 2.00E-65 

 LPW_26341  transmembrane protein 2.00E-35 

 LPW_26351 legA1 ankyrin repeat-containing protein 0 

 LPW_26361  hypothetical protein lpg2417 0 

 LPW_26371  penicillin-binding protein AmpH 0 

 LPW_26381  hypothetical protein lpg2419  0 

 LPW_26391  hypothetical protein lpg2420  1.00E-131 

 LPW_26401 lem25 hypothetical protein lpg2422  0 

 LPW_26411  hypothetical protein lpg2423 0 

 LPW_26421 mavG hypothetical protein lpg2424 0 

 LPW_26431 mavH hypothetical protein lpg2425 2.00E-166 

        

H Gene Name Homolog E value* 

 LPW_26521 ceg30 hypothetical protein lpg2433 0 

 LPW_26531  hypothetical protein lpg2434  1.00E-117 

 LPW_26541  hypothetical protein lpg2435  0 

 LPW_26551  hypothetical protein lpg2436 2.00E-85 

 LPW_26561  hypothetical protein lpg0203 6.9 

 LPW_26571  florfenicol efflux pump 0 

 LPW_26581  Type IV secretory protein VirB4 components 2.4 

 LPW_26591  NADPH-dependent FMN reductase domain-containing pro 1.00E-134 

 LPW_26601  glutathione S-transferase 0 

 LPW_26611  DNA binding protein 2.00E-113 

 LPW_26621  PhnB protein 2.00E-100 
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 LPW_26631  hypothetical protein lpg2443 5.00E-134 

 LPW_26641 mavI hypothetical protein lpg2444 1.00E-135 

 LPW_26651  hypothetical protein lpg2445  5.00E-102 

 LPW_26661  hypothetical protein lpg2446 1.00E-60 

 LPW_26671  D-alanyl-D-alanine dipeptidase  7.00E-178 

 LPW_26681  hypothetical protein lpg2450 3.00E-150 

 LPW_26691   N-hydroxyarylamine O-acetyltransferase  0 

 LPW_26701 legA14/ankF/ceg31 ankyrin repeat-containing protein 0 

 LPW_26711  glycosyl transferase 1.6 

 LPW_26721  hypothetical protein lpg2453  7.00E-85 

 LPW_26731  acetyltransferase 7.00E-106 

 LPW_26741  hypothetical protein lpg2455 1.00E-128 

 LPW_26751 legA15/ankD ankyrin repeat-containing protein 0 

 LPW_26761  two component response regulator 6.00E-93 

 LPW_26771  sensory box histidine kinase 0 

 LPW_26781  guanylate cyclase 1.00E-135 

 LPW_26791  hypothetical protein lpg2460 2.00E-90 

 LPW_26801  hypothetical protein lpg2461 2.00E-145 

 LPW_26811  hypothetical protein lpg2462  0 

 LPW_26821  major facilitator family transporter 1.00E-05 

 LPW_26831  drug:proton antiporter 7.00E-04 

 LPW_26841  peptide aspartate b-dioxygenase 5.00E-174 

 LPW_26851 sidM/drrA hypothetical protein lpg2464 0 

 LPW_26861 sidD protein SidD  0 

        

I Gene Name Homolog E value* 

 LPW_27241 mavJ hypothetical protein lpg2498 0 

 LPW_27251  hypothetical protein lpg1793 6.00E-05 



202 
 

 LPW_27261  lysine decarboxylase 1.00E-138 

 LPW_27271  carbonic anhydrase Mig5 0 

 LPW_27281  multidrug resistance protein D 0 

 LPW_27291  hypothetical protein lpg2502 2.00E-51 

 LPW_27301 ceg32/sidI hypothetical protein lpg2504  0 

 LPW_27311  hypothetical protein lpg2505  0 

 LPW_27321  sensor histidine kinase/response regulator LuxN 0 

 LPW_27331  hypothetical protein lpg2507 2.00E-174 

 LPW_27341 sdjA hypothetical protein lpg2508  0 

 LPW_27351 sdeD hypothetical protein lpg2509 0 

 LPW_27361 sdcA hypothetical protein lpg2510 0 

 LPW_27371 sidC hypothetical protein lpg2511 0 

 LPW_27381  RND multidrug efflux transporter MexF  2.00E-87 

 LPW_27391  RND multidrug efflux transporter MexF 0 

 LPW_27401  RND multidrug efflux membrane fusion protein 0 

 LPW_27411  outer membrane efflux protein 0 

 LPW_27421  structural toxin protein (hemagglutinin/hemolysin) 2.00E-70 

 LPW_27431  major facilitator family transporter  0 

 LPW_27441  AsnC family transcriptional regulator 6.00E-112 

 LPW_27451  hypothetical protein lpg2518 7.00E-78 

 LPW_27461 SnpL hypothetical protein lpg2519 2.00E-113 

 LPW_27471  hypothetical protein lpg2520 8.00E-86 

 LPW_27481  hypothetical protein lpg2521 2.00E-31 

 LPW_27491  metal-activated pyridoxal enzyme 0 

 LPW_27501 lem26 hypothetical protein lpg2523 0 

 LPW_27511  LuxR family transcriptional regulator  0 

 LPW_27521 mavL hypothetical protein lpg2526 0 

 LPW_27531  hypothetical protein lpg2527 0 
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 LPW_27541  alpha-amylase 0 

 LPW_27551 lem27 hypothetical protein lpg2529 0 

 Dot/Icm effector-encoding genes were printed in bold. 

 * E value describes the possibility that the homolog in Philadelphia-1 strain was purely by chance. 
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